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ABSTRACT 
The objective of this study was to determine the effects of alkali-treated corn 
stover pelleted with soybean meal (STV-SBM) or dried distillers grains (STV-DDG), on 
milk yield (MY), eating behavior and rumen fermentation in dairy cows. Fourty-five 
Holstein cows were used in replicated 5 × 5 Latin squares with 28-d periods, using a 2 × 
2 + 1 augmented factorial arrangement of treatments. Diets were formulated to contain 10 
or 15% corn stover-based pellets that replaced corresponding proportions of corn gluten 
feed pellets in the control diet. Treatments were: 1) Control (CON); 2) SBM10; 3) 
SBM15; 4) DDG10; and 5) DDG15. In each period, rumen pH was measured every 2 h 
for 24 h using 5 rumen-cannulated cows on d 21, and chewing behavior was visually 
recorded every 5 min for 24 h using 10 cows on d 27. Performance data were analyzed 
using the MIXED procedure of SAS and rumen data were analyzed as repeated measures. 
Overall, cows on CON diet had the greatest dry matter intake (DMI), 26.94 ± 0.49 kg/d, 
compared with 22.75 ± 0.49 kg/d for the average of the diets with experimental pellets. 
Cows on the CON diet produced 32.14 ± 0.70 kg milk/d whereas cows on the treatment 
diets produced 3.25 ± 0.70 less kg/d. Within diets containing pelleted stover, MY was 
greater in STV-SBM than STV-DDG by 0.45 ± 0.65 kg/d. Compared with CON, 
including 15% of either pelleted formulation increased milk production efficiency from 
1.21 to 1.31. Concentration and yield of milk protein and lactose were decreased for all 
diets with pelleted stover relative to CON. For both pellet formulations, the inclusion 
level of 10% resulted in greater percentage and yield of fat, protein, and lactose than the 
15% inclusion rate. Feeding STV-SBM resulted in greater milk fat concentration than 
CON and STV-DDG. Milk urea nitrogen tended to be lower in STV-DDG relative to 
vii 
STV-SBM. Cows fed the CON diet spent the least amount of time per kg of DMI 
compared with all other diets (8.0 vs. 10.76 ± 0.80 min/kg DMI). Cows consuming 15% 
spent more time eating compared with 10% inclusion level and displayed sorting 
behavior. Ruminating time was similar regardless of base and inclusion level. Despite 
differences in performance, mean rumen pH, ammonia concentration, total VFA 
concentration, acetate to propionate ratio, and rumen kinetics were similar among all 
diets. Dry matter and organic matter digestibility were decreased by corn stover-based 
pellets, except for DDG10; digestibility of crude protein was decreased in all treatments 
relative to CON and an interaction for fiber digestibility was observed where DDG10 had 
the greatest NDF and ADF digestibility. Nitrogen excretion via urine was reduced when 
cows consumed pelleted corn stover with DDGS whereas milk nitrogen was similar for 
both pellet formulations. Feeding corn stover pelleted with SBM or DDG affected cow 
eating behavior, which resulted in reduced milk yield associated with a decrease in DMI 
without negative effects on rumen health. Further refinement of pellet size, hardness, or 
inclusion level may be warranted to effectively incorporate pelleted corn stover in dairy 
rations. 
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CHAPTER 1.    LITERATURE REVIEW 1 
Introduction 2 
By-product feedstuffs may be incorporated into livestock feeding to lower ration 3 
costs while maintaining or even improving animal performance relative to conventional 4 
feedstuffs. The inclusion of by-product feeds may be economically advantageous when 5 
costs of other commodity feedstuffs are high, when competition exists for a crop intended 6 
for human and livestock consumption, or when a crop has other industrial applications, 7 
such as ethanol for fuel.  8 
A renewed interest in crop residue as a potential feedstuff for livestock has risen 9 
due to fluctuations in feed prices and thin margins for many livestock producers. 10 
Utilization of such feedstuffs in animal feeding provides opportunities for livestock and 11 
crop farmers to decrease their operating expenses. The former would benefit from buying 12 
a low-cost feed while the latter would benefit by selling additional products besides the 13 
main crop.  14 
The abundance of crop residues is a convenient factor that allows for utilization of 15 
low-cost feedstuffs to feed livestock. In the Midwestern United States, corn stover is a 16 
prominent crop residue, it is estimated that at least one kilogram of residue is obtained for 17 
each kilogram of grain produced (Klopfenstein, 1978). Each year, approximately 216 18 
million tons of corn stover are produced in the U.S (Graham et al., 2007). It is estimated 19 
that 30 to 60% of this residue material could be harvested for livestock feeding 20 
(Klopfenstein and Owen, 1981) or biofuels operations without negative effects on land or 21 
subsequent crop yield (Johnson 2006, Wilhelm 2007, Donkin et al., 2013). Therefore, 22 
corn crop residue may have potential as a source of energy in ruminant diets. However, 23 
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utilization of corn residue in widespread animal feeding applications may be limited due 24 
to economic feasibility of the logistics and technical aspects of the feedstuff itself. The 25 
former aspect refers to the high cost of transportation of a product with low bulk density. 26 
The latter constraint refers to the inherent low digestibility of corn stover and the 27 
bulkiness it adds to the animal’s diet. This factor may reduce feed intake capacity, due to 28 
reticulo-rumen fill (Canale et al., 1988), resulting in compromised animal performance.  29 
Characteristics of Crop Residue and Its Value in Ruminant Feeding 30 
Crop residues are the bulky, non-grain portion of the plant, characterized by their 31 
high fiber and lignin content, and by having lower digestibility than conventional 32 
feedstuffs. Despite low nutritional value for high producing animals, crop residues are a 33 
staple feedstuff for livestock in many geographical areas, principally in developing 34 
countries. For example, certain areas of Asia, China, and Africa are dependent upon local 35 
crop residues, such as rice and wheat straw for animal feeding, and on the import of 36 
grains from around the globe to complement animal and human nutrition (Jackson, 1977; 37 
Shi et al., 2017). Interestingly, recent developments of technology in the cellulosic 38 
ethanol production have aroused interest in corn stover as a feedstuff for livestock in 39 
developed countries. This is because some of the fermentation principles for ethanol 40 
production are comparable with rumen microbial degradation (Casperson et al., 2018). 41 
Additionally, as crop genetics and grain yields improve, there will likely be an increase in 42 
the amount of stover available for non-crop utilization. Combined, these are the factors 43 
may drive further interest in crop residues as a predominant livestock feed in the future. 44 
The structural carbohydrates of the plant are contained within the cell wall and 45 
contain cellulose and hemicellulose. Although lignin is not a carbohydrate, it is also a 46 
major component of the plant cell wall. In ruminants, energy obtained from forages is 47 
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largely obtained through microbial fermentation of these cell wall constituents and of the 48 
soluble carbohydrates by rumen microorganisms. Neutral detergent fiber (NDF) consists 49 
of hemicellulose, cellulose, and lignin. Cellulose is a primary component in the cell wall 50 
with low solubility, its structure is comprised of glucose primarily linked by glycosidic 51 
bonds, and secondarily, hydrogen bonds. This structural arrangement forms a smooth 52 
crystalline matrix that impedes attachment of microorganisms. On the other hand, 53 
hemicellulose is highly soluble and composed of a glucose, xlyoglucan, and arabinoxylan 54 
backbone, which anchor to cellulose in short chains. Lignin, essentially indigestible by 55 
rumen microbes, is hydrophobic and it sporadically wraps around and within cellulose 56 
and hemicellulose, limiting access by microorganisms for digestion. Lignin is composed 57 
of two fractions, noncore and core lignin, of which the latter covalently links to 58 
hemicellulose. Noncore lignin contains phenols (p–coumaric and ferulic acid) that can 59 
have inhibitory or antimicrobial effects on rumen microbes. Additionally, more lignin is 60 
deposited towards the outer edge of the cell as the plant matures, decreasing the 61 
digestibility of the cell wall over time.  62 
The global abundance of crop residues makes it a valuable energy source for 63 
livestock feed, however by the time it is collected from the field it is highly lignified. 64 
Thus, there have been attempts to treat high-lignin feedstuffs with chemical and physical 65 
agents to disrupt the lignin matrix and to alter the crystallinity of cellulose. By doing so, 66 
the available surface area for microbial adhesion on feed particles increases so that 67 
microorganisms have greater potential to digest the feedstuff.  68 
 69 
 70 
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This review will cover different methods of chemical and physical treatment of 71 
crop residues, such as alkali treatment, steam processing, and pelleting for increasing 72 
feasibility of including residues in livestock diets.  73 
Effects of Processing of Feedstuffs on Nutritional Characteristics 74 
Physical Treatment 75 
Reduction in particle size  76 
Grinding and chopping is often utilized to reduce particle size and improve 77 
packing ability, thus increasing bulk density of a feed for ease of storage, transport or 78 
handling. In a dairy cow ration, the ration can be separated by particle size using screens 79 
that retain particles of different sizes, namely 19.0, 8.0, and 1.18 mm (Kononoff et al, 80 
2003). Fine grinding can have a shearing effect that fractures cell walls, thus leading to 81 
greater surface area (Karinkanta et al., 2018) and more exposure of cellulose for 82 
microbial attachment. It is well established that including smaller feed particle size within 83 
a diet allows for faster colonization of microorganisms due to the increased surface area 84 
per unit of weight available for microbial adhesion. However, cellulytic bacteria have a 85 
lag time for attachment to feed particles, therefore, ensuring enough the retention time of 86 
feed particles in the rumen is critical for thorough digestion by microorganisms. 87 
When feeding alkali-treated corn stalks of other crop residue, challenges 88 
involving particle size may be similar to incorporating corn silage of varying particle size 89 
into a ration. Reducing particle size decreased the feed sorting behavior of cows, as cows 90 
tend to select for consumption of finer particles in the diet (Kononoff et al., 2003, 91 
Leonardi and Armentano, 2003, DeVries et al., 2007). Kononoff et al. (2003) 92 
demonstrated that decreasing particle size of corn silage increased dry matter intake and 93 
total VFA production. Similarly, Leonardi and Armentano (2003) observed that feeding 94 
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long alfalfa particles increased selective consumption for finer particles by dairy cows. 95 
Kononoff et al. (2003) observed that cows consuming longer particles spent more time 96 
eating and ruminating than cows consuming shorter particles. Due to the smaller particle 97 
size, more particulate can escape out of the rumen leading to a shorter ruminal retention 98 
time and less rumination followed by greater dry matter intake. Similarly, Liboux and 99 
Peyraud (1998) documented that feeding ground and pelleted alfalfa decreased time spent 100 
eating, chewing, and ruminating when compared to chopped alfalfa. In that study, the 101 
digestibility of organic matter, NDF, and ADF were depressed with numerically lower 102 
NDF retention time. Similarly, it was suggested by Rodrigue and Allen (1960) that finer 103 
grinding of hay can cause a depression on digestibility while increasing milk fat 104 
concentration. Therefore, particle size of feeds and complete rations must be closely 105 
monitored and maintained to promote adequate cow behavior and rumen function. 106 
Pelleting 107 
Crop residues, particularly corn stover, are characterized by having a low bulk 108 
density and being highly fibrous. For this type of material, pelleting provides advantages 109 
for handling, storage and transportation (Klopfenstein, 1978). However, the disadvantage 110 
of pelletizing crop residue lies in the cost of collection followed by delivery to the 111 
location of pelleting (Klopfenstein and Owen, 1981). With increasing interest in 112 
cellulosic ethanol production, the logistics of harvesting and moving corn stover are 113 
becoming more cost efficient. For example, Gandi et al. (1997) suggested that residue 114 
treatment facilities be located near areas of high residue production for ease of transport. 115 
Residue can then be dried, processed, blended, and pelleted. Then, residues can be sold 116 
locally as feed for livestock. Wanapat (1985) evaluated the digestibility of pelleted and 117 
non-pelleted straw treated with a solution of 4.0 - 4.5% NaOH compared to untreated 118 
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straw. Treating straw with NaOH increased digestibility of dry matter and organic matter 119 
by more than 12 percentage units relative to the untreated straw, but pelleting decreased 120 
digestibility by approximately 3 percentage units. Klopfenstein and Owen (1981) 121 
described a study where Garrett et al. (1976) treated rice straw using the pelleting process 122 
and observed a 37% increase in dry matter intake of beef steers with almost triple daily 123 
gain.  124 
Steam processing 125 
Similar to pelleting, steam processing utilizes the principles of increasing pressure 126 
and heat to alter the structure of a feedstuff. In this process, wet forage is heated and 127 
placed under pressure (14-28 kg/cm2) for a set time prior to a pressure release 128 
(Klopfenstein and Owen, 1981). Oji and Mowat (1979) characterized steam treated corn 129 
stover and showed that concentration of NDF was reduced by 14% for the steam treated 130 
corn stover and cell contents increased by 14%. They also reported that in-vitro dry 131 
matter digestibility increased from 49.9 to 60%. An increase in cell content was also 132 
observed by Rai and Mudgal (1987), most likely due to the alterations of the cell wall. 133 
This is supported by a recent study by Zhao et al. (2018) who described that the surface 134 
of steam treated corn stover was very rough and disordered when viewed using a 135 
scanning electron microscope. This demonstrates that steam explosion increases porosity 136 
and reduces polymerization. In this process, it seems that pressure causes the solvent to 137 
enter the internal pores of the residue and water can act as a reagent to promote cleavage 138 
of lignin.  139 
In the ethanol industry, combinations of water, CO2, pressure, and heat can be 140 
used to treat corn stover to increase sugar yield and alter morphology of corn stover for 141 
increased digestion (Huisheng et al., 2013). Zhao (2018) evaluated the digestibility and 142 
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microbial colonization of steam-exploded corn stover using a rapid pressure release. 143 
Steam treatment reduced hemicellulose content by 54.27%, while in-situ degradation of 144 
cellulose and hemicellulose, and microbial colonization increased due to shorter lag 145 
time. The in-vitro fermentation showed quicker and greater gas production, and 146 
increased concentration of VFA as a reflection of increased digestibility.  147 
Steam treating is an environmentally-friendly treatment method that increases 148 
digestibility of residues in-vitro. As summarized by Castro et al. (1994), steam treatment 149 
modifies lignin, breaks glycosidic bonds between hemicellulose molecules, and breaks 150 
cellulose fibers to increase surface area and enable microbial utilization of 151 
carbohydrates. However, the authors also described how steam processing of crop 152 
residues may lead to generation of inhibitors such as aldehydes, phenols, and tannins 153 
that are known to be toxic to or inhibit rumen microorganisms. Protein availability may 154 
also be compromised during steam treatment because the Maillard reaction could 155 
develop. In such case, the reaction would lead to decreased nutrient availability as noted 156 
by Oji and Mowat (1979) when acid detergent indigestible nitrogen was increased after 157 
steam-treatment. Additionally, Morris and Bacon (1977) found that acetyl groups can 158 
also impede degradation of plant cell walls when bound to xylans. Moreover, Sharma et 159 
al. (1982) suggested that palatability issues may arise; this observation was based on two 160 
cows from their study showed some feed aversion when they were switched from a corn 161 
silage-based diet to a diet containing 30% steam-treated straw. 162 
Chemical Treatment 163 
It has been reported that feedstuffs can be treated with alkali agents such as 164 
NaOH, CaO, CaOH, and KOH to increased fiber digestibility. Some studies (Jackson, 165 
1977; Klopfenstein, 1976; Haddad et al., 1998) involving inclusion levels of the alkali 166 
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agent greater than 6% have resulted in a decrease in dry matter intake and organic matter 167 
digestibility, therefore, 3% dietary inclusion has been suggested as the optimal rate to 168 
obtain benefits in digestibility and dry matter intake. An exception to this would be using 169 
acids to neutralize the high pH of the feedstuff (Donefer 1968; Fernandez Carmona and 170 
Greenhalgh, 1972; Piatkowski et al., 1974a) or rinsing the straw to remove excess 171 
alkaline agents. However, a larger portion of the solubilized hemicellulose could be lost 172 
by rinsing the straw. Overall, diets can be formulated and balanced to include additional 173 
non-treated forages that can dilute the excess compounds from treated forages. 174 
Treating forages with alkali agents increases the content of ash in the forms of 175 
sodium and calcium when sodium hydroxide (NaOH), calcium oxide (CaO), or calcium 176 
hydroxide (CaOH) are used as treatment, or nitrogen if the forage was treated with 177 
ammonia. For example, Canale et al. (1988) reported that NaOH treatment of grass with 178 
4% NaOH resulted in an increase in Na content from 0.03 to 1.2%, similarly, and a 179 
recent study by Casperson et al. (2018) reported that Ca content increased from 0.30 to 180 
5.12 % in treated corn stover with 6% Ca(OH)2. Therefore, mineral balance must be 181 
evaluated when utilizing treated feedstuff for livestock feeding. 182 
Oxidative agents 183 
Oxidative agents have been used to increase digestibility of feedstuffs intended 184 
for ruminant consumption, however, they are not used frequently due to safety concerns. 185 
Utilization of oxidative agents such as H2O2, requires high caution during handling and 186 
application to forage to prevent combustion or explosions. According to Chang and Allen 187 
(1971), oxidative agents improve digestibility by degrading lignin, making it more 188 
susceptible for microbial attachment and colonization. Alkaline treatment with H2O2 189 
solubilizes a portion of the lignin while disrupting certain hemicellulose-lignin bonds and 190 
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reducing the ordered structure of the cellulose. Cameron et al. (1990) observed that 191 
treating wheat straw with 5% NaOH and 2% H2O2 resulted in decreasing concentration of 192 
NDF and ADF by 20 and 12 percentage units, respectively. In the same study, 193 
digestibility of NDF was increased, suggesting that cellulose and hemicellulose were 194 
more rapidly degraded in the treated forage.  195 
Alkali hydrolytic treatment 196 
Various alkali agents have been successfully used to treat feedstuffs to increase 197 
fiber digestibility, these agents include calcium oxide (CaO), calcium hydroxide 198 
(Ca(OH)2), sodium hydroxide (NaOH), ammonia (NH3), potassium hydroxide (KOH), 199 
sodium carbonate (Na2CO3), sodium sulfite (Na2SO3), sodium sulfide (Na2S), or 200 
combinations of some of these reagents. However, only four chemicals have been 201 
extensively tested in experiments utilizing animals (Klopfenstein, 1976), these are: 202 
sodium hydroxide, ammonium hydroxide, calcium hydroxide, and potassium hydroxide.  203 
Alkali treatment was one of the chemical methods to be first described and tested 204 
to increase digestibility of low-quality feedstuffs beginning in the 1880s (Homb, 1984). 205 
In the early 1900’s, pressure treatment of straw in diluted NaOH was introduced by 206 
Kellner and Kohler (1900). In 1920, the Beckmann method was developed based on the 207 
pressure cooking method but using a cold-water rinse to increase practicality and save 208 
costs by not heating water (Beckman, 1921). Later in 1964, Wilson and Pigden evaluated 209 
spraying NaOH directly onto straw and fed directly to animals without a rinse to remove 210 
the excess NaOH; this method is still in use in agriculture today. 211 
Jackson (1977) suggested that alkali agents affect structural components by 212 
altering intermolecular bonding and disrupting the ester bonds found within lignin. 213 
During treatment, the alkali absorbs into the secondary cell wall and reduces the strength 214 
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of the hydrogen bonds in cellulose creating swelling. These actions increase surface area 215 
on the feed particles. For this reason, alkali treatment of forages has been associated with 216 
increased colonization and adhesion of microorganisms to fiber particles (Latham et al., 217 
1979), hence increased fiber degradation (Jackson, 1977). Overall, the three modes of 218 
action of chemical treatment are: 1) solubilization of hemicellulose, 2) increasing the 219 
extent of cellulose and hemicellulose digestibility, and 3) increasing the rate of cellulose 220 
and hemicellulose digestion, possibly by swelling (Klopfenstein and Owen, 1981). 221 
Sodium hydroxide  222 
Alkali has been associated with increased colonization and adhesion of 223 
microorganisms to fiber particles (Latham et al., 1979). Sodium hydroxide hydrolyzes the 224 
ester bonds between lignin and cellulose, causing swelling of the cellulose filaments. 225 
Canale et al. (1988) treated orchard grass hay with NaOH at 4% and included it in the 226 
diet of dairy cows containing a 55:45 forage to concentrate ratio. The results showed that, 227 
digestibility of the fiber fractions of the diet were increased; furthermore, the in-situ 228 
analysis of the forage showed an increase of 8.35 and 8.08 percentage units in 229 
digestibility of dry matter and NDF, respectively. Zero-time solubility of NDF increased 230 
from 7.49 to 12.1%, suggesting the hemicellulose may have been released from the cell 231 
wall structure. Jami et al. (2014) treated corn stover with 5% NaOH to replace 15% of 232 
wheat hay in a diet for dairy cows. Analysis of the diets showed that the digestibility of 233 
dry matter and organic matter of the treated forage was similar to untreated wheat hay, 234 
but there was a tendency for NDF digestibility to increase with inclusion of the treated 235 
corn stover. Treating corn stover with 5% NaOH reduced NDF content by 14%, while 236 
solubilizing 35% of the hemicellulose, thus leading to an increase of 9.1% in digestibility 237 
of dry matter of the treated corn stover. Latham (1979) found that NaOH treatment 238 
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increased bacterial adhesion to fiber particles from 2.5 × 108 mhm -1 to 27.33 × 108 mhm - 239 
1. Therefore, the increased digestibility observed from treatment of feedstuffs with NaOH 240 
may be the results of greater and more extensive penetration and degradation of the cell 241 
wall by ruminal microbes.  242 
Even though NaOH is arguably the most effective alkali treatment, there are some 243 
issues that warrant attention to determine its economical and practical value. Sodium 244 
hydroxide is typically more expensive compared to CaO and is not as safe for daily use 245 
(Gandi, 1997). For humans, the major safety risks are related to its high corrosiveness, 246 
possibility of causing severe burns, and damage to mucus membranes. No adverse effects 247 
have been reported when using NaOH as forage treatment after allowing time for the 248 
reaction to take place and storing the feed for at least 48 hours (Jami et al, 2014). Feed 249 
has been stored from five days (Wanapat et al., 1985) up to five weeks (Haddad et al., 250 
1998). Additionally, some criticism on environmental impact has risen when NaOH- 251 
treated forages are fed to cattle. For example, for every one percent of alkali that is used 252 
in treatment, the Na content of straw increases by 0.6 percentage points (Jackson, 1977). 253 
As Na intake by the animal is increased, water consumption usually increases leading to 254 
greater urine production, which may increase nutrient excretion into the environment 255 
(Maeng et al., 1971). Furthermore, this higher intake of Na and water may also lead to a 256 
decrease in rumen retention time (Berger et al., 1980). Using lambs, Berger et al. (1980) 257 
observed that 10% NaOH treated corn cob inclusion in the diet increased rate of passage 258 
and decreased ruminal retention time. 259 
 260 
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The type of forage, the concentration of NaOH treatment and the inclusion level 261 
in the complete diet would determine how well treated forages may perform as a 262 
feedstuff for livestock. A summary of studies by Jackson (1977) suggested that no effects 263 
were noted on passage rate and digestion rate, as well as potential increased stress on the 264 
kidneys, when dietary inclusion levels were below 6% of dietary DM.  265 
Calcium oxide and hydroxide  266 
Treating feedstuffs with Ca(OH)2 typically improves digestibility to a lesser 267 
extent when compared with NaOH. However, when used in combination with NaOH, 268 
similar digestibility can be achieved as using only NaOH. In a study by Haddad et al. 269 
(1995), the combination of 2.5% NaOH and 2.5% Ca(OH)2 yielded similar NDF 270 
digestibility as the 5% NaOH treatment. In a recent study, Casperson et al. (2018) 271 
treated corn stover with 6% Ca(OH)2 and observed a decrease of 24, 7.4, and 1.6 272 
percentage points in NDF, ADF, and lignin, respectively. Non-fiber carbohydrates 273 
increased from 5.2 to 17.3%, and net energy of lactation (NEL) increased from 0.35 to 274 
0.90 Mcal/kg, demonstrating the increased feeding value of treated corn stover. An in- 275 
vitro trial completed by Haddad et al. (1998) suggested that 3% NaOH and 3% CaOH 276 
was the optimal treatment combination to improve organic matter, NDF, ADF, and 277 
lignin digestibility. 278 
A comparison of NaOH and CaOH treatment was recently reported by Donnelly 279 
et al. (2018). In their study, investigators compared untreated corn stover to corn stover 280 
treated with an ethanol-water co-solvent and NaOH (ethanol was used to retain 281 
hemicellulose according to Kim et al. 2009), or Ca(OH)2. The potential digestion rate of 282 
NDF was greatest for the NaOH-ethanol treated stover (5.36%/h) followed by CaOH- 283 
water (2.27%/h) and untreated stover (1.76%/h). The indigestible NDF (iNDF) fraction 284 
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was reduced significantly for the NaOH-ethanol treatment (2.8 vs. 35.1% of NDF). Total 285 
tract NDF digestibility increased from 30.2 to 84.6% in the NaOH-ethanol treated 286 
stover. When the treatment process was scaled up to produce feed for an in vivo trial, 287 
these effects were not significant and the treatment time had to be lengthened from 15 288 
minutes to one hour to achieve similar results. 289 
Even though the mechanism of action of calcium oxide (CaO) and hydroxide 290 
(Ca(OH)2) are similar to NaOH, these Ca compounds maybe more tolerant of a lower 291 
pH level, therefore maintain fiber digestion over the diurnal changes in ruminal pH 292 
values. Consideration of pH is important because growth and activity of cellulytic 293 
microorganisms becomes limited at pH below 6.3 (Mouriño et al., 2001). A study by 294 
Haddad et al. (1995) characterized the lag times of different alkali treatments and 295 
reported that the lag time for untreated wheat straw (control), 5% NaOH, and 5% 296 
Ca(OH)2 were 13, 6.2, and 10.2 hours, respectively, at a pH of 6.8. However, when pH 297 
dropped to 6.2, the lag time for the NaOH treatment almost doubled, to 12.1 h, lag time 298 
for the Ca(OH)2 treatment increased by 1.3 h and the control straw still had the longest 299 
lag at 16.7 h. Further reduction of pH to 5.8 caused the lag times to increase for all 300 
treatments so that control was 18.5 h, the NaOH and Ca(OH)2 treatments were also 301 
longer but not different from each other at 16.7 and 15.1 h, respectively. From these 302 
observations, it is reasonable to think that the Ca from treated forages may increase the 303 
buffer capacity of the feedstuff, thus favoring rumen pH and adhesion of cellulytic 304 
bacteria at lower pH levels. From a physiological standpoint, Ca(OH)2 places less tax on 305 
the kidneys of the animal as additional Ca is excreted in the feces (Djajanegara et al., 306 
1984) not through urine as with excess Na. 307 
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Ammonia 308 
Another method of treating forages to increase digestibility utilizes ammonia that 309 
also serves as a source of non-protein nitrogen that can provide additional nutrition to the 310 
animal (Klopfenstein, 1978). By introducing non-protein nitrogen into the diet, rumen 311 
microorganisms can be stimulated to grow by having an easily accessible component for 312 
amino acid assembly. Ammonia is typically safer to handle than alkali agents due to its 313 
gaseous form and because it is applied within a closed system, minimizing human 314 
exposure and contact. 315 
Wanapat et al. (1985) evaluated treating barley straw with sixteen alkali 316 
treatments, with two being anhydrous and aqueous ammonia. In the study, straw was 317 
stacked, covered, and treated with anhydrous or aqueous NH3 and stored for eight weeks; 318 
the anhydrous treatment was tested with or without air evacuation. All treatments were 319 
successful in reducing NDF content from 84.5% in the untreated straw to 77.4% in the air 320 
evacuated treatment. Metabolizable energy was similar between the ammonia and 321 
untreated straw, while ammonia treatments had higher crude protein digestibility leading 322 
to a greater nitrogen balance in the animal. Although ammonia appears to react similarly 323 
to other alkali agents, the reaction time is longer and requires an air-tight structure with 324 
aeration prior to feeding. From a nutritional standpoint, treating crop residue with 325 
ammonia may be less challenging for ration formulation because non-protein nitrogen is 326 
supplied to rumen microorganisms and there is no additional mineral residue 327 
(Klopfenstein and Owen, 1981).  328 
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Other notable reagents 330 
Various other reactive agents have been tested over time in an attempt to improve 331 
the digestibility of forages. In 1985, Wanapat et al. researched sixteen alkali treatments, 332 
including urine, urea, and soybean meal containing urease. Urine or urea were sprayed 333 
onto baled barley straw and stored anaerobically for eight weeks with and without 334 
soybean meal. Crude protein content of the barley straw was significantly increased in 335 
these treatments and increased crude protein digestibility was observed by the urea and 336 
urine treatment relative to untreated and alkali treated straw; no effect on digestibility 337 
was observed by the addition of soybean meal. Urine seemed to reduce the crude fiber 338 
content of the straw whereas urine and urea treatments increased the crude fiber 339 
digestibility of the straw. 340 
Many of the reagents from the paper and ethanol industry can be applied to 341 
treating feedstuff in preparation for rumen degradation. Ethanol has been used as a co- 342 
solvent with water and ammonia in the treatment of lignocellulosic biomass to decrease 343 
the loss of hemicellulose (Kim et al., 2009). Huisheng et al. (2013) used supercritical CO2 344 
and a water-ethanol co-solvent as a treatment for corn stover at varying temperatures and 345 
pressures. Scanning electron surface morphology showed that surface structure of corn 346 
stover was disrupted potentially leading to increased surface area and exposure of 347 
cellulose for fermentation. This process could be applied to forages in order to expose 348 
more cell wall to microbial degradation in the rumen. 349 
In nature, some fungi such as Ceriporiopsis subvermispora have a high affinity 350 
for lignin degradation and removal of ester-linked phenolic acids (Akin et al., 1993). This 351 
reaction appears to be carried out by radical-producing oxidative enzymes of fungal 352 
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origin (Kapich et al., 1999; Watanabe et al., 2000). For instance, research by Wan and Li 353 
(2010) showed that C. subvermispora utilizes two extracellular ligninolytic enzymes that 354 
selectively degrade lignin as much as 39.2 percent. Future applications of these principles 355 
could be developed for treatment of forages by isolating the enzymes responsible for 356 
lignin degradation and through development of a fungal inoculant. 357 
Considerations for On-Farm Utilization of Alkali Treated Corn Stover 358 
Moisture Content 359 
Crop residues, namely corn stover, can be ensiled to extend feed-out life with 360 
little or minimal loss in nutritive value using procedures similar to the ensiling of other 361 
conventional forages for ruminants. The digestibility of crop residues can be manipulated 362 
by harvest time, moisture content, genetic variety, physical treatment, and the chemical 363 
treatments previously described (Klopfenstein and Owen, 1981). Potential stover yield 364 
decreases over time because of a loss of leaves, husk, and loss of the upper half of the 365 
stalk in standing stalks (Shinners and Binversie, 2007). As a result, nutritional quality and 366 
feeding value may decrease over time as the ratio of leaves to stalk is reduced due to a 367 
greater portion of lignified stalks compared to husk and leaves. Therefore, it is the 368 
important to consider time and moisture level at harvest to obtain high yield and quality. 369 
In a study by Shinners and Binversie (2007), total corn stover moisture ranged 370 
from 47 to 66% when grain moisture was below 30%. Klopfenstein and Owen (1981) 371 
noted that alkali agents, particularly Ca(OH)2 reacted better at a moisture level of around 372 
40 percent, with 20 and 60% moisture rendering the alkali treatment ineffective. Older 373 
studies dealing with ensiling stover have used and suggested moisture content greater 374 
(Klopfenstein and Owen, 1981) or lower (Haddad et al., 1998) than 50%. More recently, 375 
a study carried out by Shreck et al. (2011) evaluated the effects of temperature, storage 376 
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time, and moisture level on the digestibility of crop residue treated with different alkaline 377 
treatments. The investigators reported that dry matter digestibility was greater for NaOH 378 
than CaOH, and that 50% moisture was ideal. It was also shown that digestibility did not 379 
increase after 7 days of anaerobic storage. Following these findings, recent studies 380 
treating corn stover with alkali agents have handled, by hydration or dehydration, corn 381 
stover at 50% moisture prior to anaerobic storage (Donkin et al., 2013; Shi et al., 2015; 382 
Cook et al., 2016). 383 
Shinners et al. (2007) suggested that a moisture level greater than 45% in field 384 
stover eliminates the need for drying and shortens the length of time between grain and 385 
stover harvest. In that study, stover chopped after harvest with an average of 48% 386 
moisture was stored for nine months in plastic bag silos and maintained excellent 387 
appearance and had an adequate ensiled odor. The stover silage fermentation remained 388 
adequate when the post-ensiling moisture level was greater than 50 percent, with lower 389 
pH and higher fermentation products produced than lower moisture levels. However, pH 390 
and fermentation products were higher and lower, respectively, relative to whole plant 391 
corn silage.   392 
Storage 393 
Baling corn stover increases the bulk density of the material and facilitates storage 394 
by increasing amount of DM stored per surface area and by allowing stacking. Darr and 395 
Shah (2012) indicated that square bales would be more advantageous compared to round 396 
bales due to increased safety during handling and ease of transportation. Outdoor storage 397 
of bales is a low-cost option compared indoor storage, however, a dry matter loss will be 398 
observed (Vadas and Digman (2013). This loss has been estimated to be 6.25% (Darr and 399 
Shah, 2012) on the top layer due to exposure to sun, rain and snow. Other methods to 400 
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store corn stover include covering stacks with plastic, this can be in the form of a “tarp” 401 
or tube-wrapping. In the former, only the top bales are covered with an ultraviolet- 402 
resistant polyethylene fabric, while in the latter, stacks of up to 3 bales-high are wrapped 403 
with 5 to 10 layers of plastic. Darr and Shah (2012) determined that both systems have 404 
comparable costs, however, disposal or recycling of the material may increase the total 405 
cost of the storage system. Vadas and Digman (2013) determined that the cheapest option 406 
for storing wet, chopped stover was silage bags followed by using a pile; bunkers were 407 
ranked lowest because they represent the greatest cost due to the cost of concrete pads 408 
and limiting utilization of the space solely for storage. 409 
Harvest Equipment 410 
Even though corn stover has great potential as a feedstock, harvest or collection of 411 
the residue from the field, and storage are challenged by factors such as weather and 412 
inefficient equipment (Shinners et al., 2007). In the Midwestern US, harvesting corn 413 
stover takes place during the transition from fall to winter, this time can be challenging 414 
because of potential snowfall and delayed or halted field operations. Furthermore, corn 415 
stalks are not a conventional crop for which equipment has been specifically designed. 416 
Regular equipment for hay making is typically used for corn stover harvest, however, 417 
hardness of the material and soil contamination may be more challenging for 418 
conventional hay equipment working on corn fields. Some equipment manufacturers 419 
have recently developed corn stalk-specific balers that may be more efficient for harvest 420 
of this residue.  421 
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Effects of Feeding Corn Stover to Cattle 422 
Feeding Alkaline-Treated Crop Residue to Dairy Cattle 423 
Assuming adequate particle size of the diet, the NRC (2001) suggests that diets 424 
for lactating dairy cows contain a minimum concentration of 25 percent NDF with 19 425 
percent of NDF concentration deriving from forage. It is important to consider these 426 
values because concentration of dietary NDF may be used to define the upper and 427 
lower bounds of dry matter intake (Mertens, 1994). Generally, high NDF concentrations 428 
in diets may limit dry matter intake (Arelovich, 2008). For example, Kendall et al. 429 
(2009) demonstrated that cows consuming a diet with 28% NDF had greater dry matter 430 
intake and produced more milk, fat, and protein relative to those consuming a diet with 431 
32% NDF. A summary of 15 studies demonstrated that dietary NDF concentrations 432 
greater than 25% elicit a decline in dry matter intake (Allen, 2000). 433 
Mixed results have been observed from feeding low-quality, treated forages to 434 
dairy cows. Differences in the type and level of chemical treatment, stage of lactation and 435 
dietary strategy to formulate diets are some of the main reasons for discrepancies 436 
amongst studies. The latter is of importance when comparing experiments because diet 437 
formulation may be approached differently. For some experiments, diets are formulated 438 
so that treated crop residue replaces a planned, or fixed portion, of conventional forages, 439 
while some others vary inclusion of crop residue to maintain similarities in specific 440 
nutrient profile. For example, Cameron et al. (1990) evaluated treating wheat straw with 441 
NaOH-H2O2 as partial replacement of corn silage and alfalfa haylage. Similarly, 442 
Casperson et al. (2018) utilized Ca(OH)2- treated corn stover to fully replace alfalfa hay 443 
at 15% of dietary DM or to replace alfalfa hay and a portion of corn silage. In those 444 
experiments, NDF content of the diet was different across diets due to inclusion of the 445 
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treated crop residue. On the other hand, Eastridge et al. (2017) formulated diets with 446 
varying proportions of wheat straw or corn stover so that forage-NDF content was kept 447 
constant at 18% across diets. 448 
Dry matter intake and milk production 449 
Cameron et al. (1990; 1991) demonstrated that 20 to 25% NaOH-H2O2 treated 450 
wheat straw could be included in the diet of mid and early lactation cows to replace a 451 
portion of corn silage and alfalfa. In those experiments, DMI of cows in early lactation 452 
was reduced by 1.2 kg/d but milk yield did not change. Therefore, cows appeared to 453 
produce milk with greater efficiency. A similar study by Canale et al. (1988) compared 454 
4% NaOH treated and untreated orchard grass hay in a 55:45 forage to concentrate ratio 455 
in diets of early lactation dairy cows. The authors reported greater dry matter intake and 456 
milk yield when cows consumed the treated hay. A possible reason for this is the 457 
increased fiber digestibility of the diet. If NDF digestibility increases, it is likely that gut 458 
fill may be less limiting, thus allowing greater intake capacity. Contrary to these findings, 459 
Jami et al. (2014) fed 5% NaOH treated corn stover to replace 15% of the wheat hay in 460 
diets to mid lactation cows. In that study, dry matter intake decreased by 4.3% with a 461 
concomitant reduction in milk yield by of 0.5 kg/d. Similarly, Cook et al. (2016) reported 462 
decreased dry matter intake when 5% calcium oxide treated corn stover replaced 4, 8, or 463 
12% of corn grain. Dry matter intake declined approximately 1 kg for every 4% increase 464 
in inclusion of treated corn stover. Haddad et al. (1998) suggested that 3% NaOH and 3% 465 
CaOH was the optimal treatment combination to increase digestibility of organic matter, 466 
NDF, ADF, and lignin in treated wheat straw. Authors concluded that treated wheat straw 467 
could be included up to 20% of dietary dry matter without negative effects on ruminal 468 
function and lactation performance. 469 
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When steam-treated wheat straw was fed to dairy cows (Sharma et al., 1982) at 20 470 
and 30% of dietary DM, dry matter intake and milk yield were greater for the cows fed 471 
treated wheat straw than untreated wheat straw and an alfalfa-based diet. However, dry 472 
matter intake was decreased when cows were switched from a corn silage-based diet to a 473 
30% steam-treated wheat straw diet while milk yield was maintained. 474 
Although corn stover may be included in dairy rations without chemical 475 
treatment, the inclusion rate may be considerably lower compared to treated corn stover. 476 
For example, it was concluded that up to 5.5% untreated corn stover could be included 477 
in the diets of dairy cows that were formulated to have constant forage NDF content 478 
(Eastridge, 2017). On the other hand, when treated corn stover is included as 479 
replacement of other forages, NDF content will likely increase. Donnelly et al. (2018) 480 
fed NaOH treated corn stover at 8.7% of diet resulting 5% more NDF than the control 481 
diet. Since treating corn stover with alkali agents increases its feeding value, it has been 482 
suggested that up to 25% of the diet could be comprised by treated corn stover with 483 
minimal or no effects on dry matter intake and milk yield (Donkin et al., 2012). 484 
Recently, Casperson et al. (2018) fed 6% Ca(OH)2 treated corn stover with wet distillers 485 
grains as a replacement for alfalfa haylage and corn silage at 0, 15, or 30% of dietary dry 486 
matter. Even though dry matter intake was reduced, milk yield and composition 487 
remained similar between treatments, resulting in greater milk production efficiency. 488 
From these studies, Casperson et al. determined that a protein source must be included in 489 
the diet to sustain rumen bacteria and maintain production levels. In line with this, Shi et 490 
al. (2015) replaced wild rye, corn silage, or corn grain with 5% CaO treated corn stover 491 
and dried distillers grains with solubles. They demonstrated that the treated stover and 492 
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dried distillers grains combination could replace up to 15 percent of the diet without 493 
negatively affecting dry matter intake or milk yield.  494 
It is noteworthy that animal performance should be evaluated within an 495 
economic perspective. In line with this, Casperson et al. (2017) and Shi et al. (2015) 496 
reported that income over feed costs improved when treated corn stover was included in 497 
the diet of dairy cows due to decreased dry matter intake, reduced ingredient cost, or a 498 
combination of both, while maintaining milk yield.  499 
Milk composition 500 
While most studies have reported slight to no changes in milk composition when 501 
treated crop residue is included in the diet of dairy cows, some have shown decreased 502 
milk fat or protein content. Cameron et al. (1990) observed an increased concentration of 503 
milk fat and a decline in protein content when NaOH-H2O2 treated wheat straw was fed 504 
to dairy cows. Authors attributed this response to the increase in forage fermentation 505 
altering VFA production towards acetate, thus increasing the acetate to propionate ratio. 506 
However, a subsequent study (Cameron et al., 1991) with cows in mid lactation showed 507 
that milk fat and milk protein percentage were depressed as inclusion level of treated 508 
wheat straw increased. This suggests that the early lactation cows from the first study 509 
were mobilizing body fat reserves that contributed towards milk fat. The reduction in 510 
milk protein was suggested to be from a decline in available energy for protein synthesis 511 
(Cameron et al., 1991). Reduced milk fat content was also reported when steam-treated 512 
wheat straw was fed to dairy cows up to 20 and 30% of the diet (Sharma et al., 1982). 513 
Opposite to this, Jami et al. (2014) fed 5% NaOH treated corn stover replacing 15% of 514 
wheat hay and reported that milk protein and fat concentration increased by 0.15 and 0.04 515 
percentage units. 516 
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Milk composition may be explained by alterations in rumen fermentation and 517 
profile of VFA produced, therefore, experiments evaluating performance of dairy cows 518 
fed crop residue should include some assessment of rumen function to better characterize 519 
animal responses. 520 
Rumen function 521 
Dietary particle size influences mastication, an important function in ruminant 522 
that promotes saliva secretion (Yang et al., 2001). Ruminant saliva contains buffers that 523 
aid in pH regulation within the rumen. This is relevant because rumen cellulytic bacteria 524 
require a ruminal pH greater than 6.0 to grow and function. Even though readily 525 
fermentable diets with small particle size may lead to greater milk yield, less chewing 526 
activity and less buffer capacity in the rumen, may also occur due to reduced saliva 527 
secretion. Less rumen buffering may lead to subacute ruminal acidosis, which occurs 528 
when ruminal pH drops below 5.5. This condition may suppress feed intake, microbial 529 
activity, alter VFA profile and lead to other metabolic disorders (Dijkstra et al., 2012).  530 
When crop residue is included in dairy rations, the content of ADF and NDF, 531 
typically increases. It is important to consider this because dietary NDF concentration is 532 
closely related to chewing activity and therefore rumen pH. When treated forages were 533 
fed to cows in a ration containing up to 47.3% dietary NDF, mean rumen pH was 534 
increased (Cameron et al., 1990; Cameron et al., 1991; Jami et al., 2014); even the value 535 
of pH nadir was observed to be greater when treated corn stover was included in the diet 536 
(Cook et al., 2016).  537 
In addition to rumen pH, VFA profile is also affected by diet, which in turn can 538 
affect milk composition. Canale et al. (1988) included 4% NaOH treated orchard grass 539 
hay and reported that digestibility of the fiber fractions of the diet increased, leading to 540 
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an increase total VFA concentration with greater molar proportion of acetate. This VFA 541 
is an important substrate for synthesis of milk fat, therefore, an increase in acetate may 542 
be accompanied by an increase in milk fat content.  543 
Conclusion 544 
Utilization of low-quality and low-cost feedstuffs may be economically 545 
advantageous when conventional feed prices rise. However, low-quality feedstuffs 546 
require chemical or physical alterations to increase their feeding value so that animal 547 
performance is maintained. Chemical treatment of crop residue using alkaline agents 548 
appears to be the most economical and simplest process for on-farm applications. Within 549 
alkali treatments, NaOH yields greater digestibility but Ca(OH)2 may be more 550 
economically and environmentally friendly. Additionally, altering the physical structure 551 
of crop residues through grinding, steam, and pelleting may enhance the digestibility of 552 
the feedstuff. Although chemical treatment of crop residues typically results in increased 553 
digestibility in-vitro, mixed results have been observed when treated, low-quality 554 
feedstuffs have been fed to dairy cattle. Inclusion of treated residues in dairy rations may 555 
not be a staple practice, however, it may be practically and economically feasible based 556 
on local feed costs and availability of alternate feedstuffs in certain geographical regions. 557 
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CHAPTER 2.    EFFECTS OF CORN STOVER PELLETED WITH SOYBEAN MEAL 741 
OR DRIED DISTILLERS GRAINS ON PERFORMANCE, EATING BEHAVIOR, AND 742 
RUMEN FUNCTION OF LACTATING HOLSTEIN COWS 743 
Dooley, B. C. and H. A. Ramirez-Ramirez 744 
Iowa State University, Ames Iowa 745 
 746 
A paper to be submitted to the Journal of Dairy Science 747 
Introduction 748 
By-product feeds are incorporated into livestock rations to lower costs of 749 
production. These types of feeds are particularly important when the cost of a TMR 750 
increases due to higher prices of conventional feed ingredients. In the US, approximately 751 
216 million tons of corn residue are left in the field each year (Graham et al., 2007), with 752 
an estimated 30-60% available for harvest (Johnson 2006, Wilhelm 2007, Donkin et al., 753 
2013). Corn stover is a rich source of cellulose that could be used by ruminants, however, 754 
the high content of lignin limits rumen degradation. In addition, its low bulk density may 755 
preclude efficient and economical transportation of corn stover from the field to the 756 
animal feeding operation. To overcome the limitations in digestibility, treating corn 757 
stover with sodium or calcium hydroxide has been researched since the 1880s. 758 
Furthermore, pelleting of corn stover increases its bulk density and makes transportation 759 
more economical. Therefore, the objectives of this study are to 1) characterize milk 760 
production and composition and 2) assess rumen fermentation and eating behavior of 761 
dairy cows consuming alkali-treated corn stover pelleted with soybean meal or dried 762 
distillers grains with solubles as replacement of pelleted corn gluten feed. We 763 
hypothesized that iso-nitrogenous and iso-energetic diets with the experimental pellets 764 
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would support normal performance and rumen function in lactating dairy cows. 765 
Materials and Methods 766 
Animal Care, Housing and Feeding 767 
All experimental procedures were approved by the Institutional Animal Care and 768 
Use Committee of Iowa State University. Cows were housed in a free stall pen equipped 769 
with individual feeding gates (Calan Broadbent Feeding System, American Calan, 770 
Northwood, NH). Cows were milked three times daily at approximately 0700, 1500, and 771 
2300 h, milk yield (MY) was recorded automatically at each milking. Each cow was 772 
individually fed ad libitum every day after collecting and weighing orts from the previous 773 
day; daily feed allowance targeted 10% refusals.  774 
Animals, Experimental Design, and Treatments 775 
Forty-five Holstein cows (15 multiparous, 30 primiparous; 118 ± 33 d in milk; 776 
604 ± 70 kg BW) were arranged in a replicated 5 × 5 Latin square design with treatments 777 
arranged as a 2 × 2 + 1 augmented factorial. One square contained primiparous cows 778 
fitted with a rumen cannula for rumen measurements. Each experimental period lasted 28 779 
d in which d 1 to 21 were considered adaption to dietary treatments, and d 22 to 28 were 780 
used for data collection and analyses. In each period, cows were randomly assigned to 1 781 
of 5 dietary treatments, consisting of a control basal TMR (CON), and four experimental 782 
diets that differed in inclusion rate or protein base of corn stover-based pellets (Table1 1). 783 
These diets contained 10 or 15 % of corn stover pelleted with either soybean meal (STV- 784 
SBM) or dried distillers grains (STV-DDG) replacing corresponding proportions of 785 
pelleted corn gluten feed (CGF). Experimental diets are denoted as SBM10, SBM15, 786 
DDG10, DDG15 based on protein base and inclusion rate. All diets were formulated to 787 
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be iso-energetic and iso-nitrogenous targeting 1.60 Mcal/kg NEL and 16% CP, 788 
respectively (Table 2).  789 
Sampling and Data Collection 790 
Feed sampling. Samples of each TMR, grain and forage mixes were collected on 791 
d 26, 27, and 28 of each period and pooled to obtain one composite sample per period. 792 
Samples were stored at -20°C until the end of the trial. Samples of TMR were then weighed 793 
and placed into a forced-air oven at 60°C for 48 h to determine dry matter (DM) and then 794 
ground to pass through a 2 mm and a 1 mm screen (Wiley Mill, Arthur D. Thomas Co., 795 
Philadelphia, PA). Diets were analyzed for nutrient composition by an external laboratory 796 
(Cumberland Valley Analytical Services, Waynesboro, PA). Analyses included dry matter 797 
(DM; method 930.15; AOAC International, 2000), nitrogen (N; method 990.03; Leco FP- 798 
528 Nitrogen Combustion Analyzer, Leco Corp., St. Joseph, MI), neutral detergent fiber 799 
(NDF; Van Soest et al., 1991), starch (Hall, 2009), ether extract using diethyl ether as the 800 
solvent (method 2003.05; AOAC International, 2006), ash (method 942.05; AOAC 801 
International, 2000), and phosphorus by inductively coupled plasma (method 985.01; 802 
AOAC International, 2000). On d 27 and 28, individual orts from each cow were 803 
homogenized by hand-mixing and a sample was collected. These orts samples were 804 
composited by cow and period, and then divided into two subsamples. Particle size 805 
distribution, on an as-fed basis, was determined using a Penn State Particle Separator 806 
(PSPS; Kononoff et al., 2003) with screen sizes 19.0, 8.0, and 1.18 mm. Following 807 
separation, orts from individual cows were reconstituted as TMR and used only to 808 
determine DM in a drying oven at 100°C for 24 h.  809 
 810 
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Milk production. Milk yield from the last seven days of each period was 811 
considered for data analysis. Individual samples from each cow were collected on d 27 812 
and 28 at each milking and stored in vials containing a bronopol tablet as preservative (D 813 
&F Control System, San Ramon, CA) at 4°C until analysis by an external laboratory 814 
(Dairy Lab Services, Dubuque, IA). Milk composition was determined using AOAC 815 
approved infrared analysis equipment and procedures. Milk samples were analyzed for 816 
milk fat, protein, lactose, and milk urea nitrogen (MUN) using Fourier transform infrared 817 
spectroscopy (MilkoScan FT+, FOSS Analytical, Eden Prairie, MN). Yield of protein, 818 
fat, and lactose were estimated using the corresponding milk yields on collection day. 819 
Eating behavior. Sorting index was calculated using the ratio of actual 820 
consumption of particles on each screen of the PSPS, calculated as the difference 821 
between offered weight and refused weight of each particle size in the TMR, and 822 
predicted intake of each screen based on original particle size distribution of fresh TMR. 823 
A ratio greater than 1 indicated selective preference for a given particle size, whereas a 824 
ratio less than 1 indicated selective refusal, and exactly 1 indicated that consumption of a 825 
particle size was as expected. For all periods, the same 2 squares (10 cows: 5 primiparous 826 
and 5 multiparous) were used for analysis of eating behavior during a 24 h observation 827 
phase on d 27 of each period. Feed was given simultaneously to these cows at 0900 h and 828 
they were allowed access to the feed at the same time. At that point, visual observations 829 
were recorded every 5 min for each cow throughout the 24 h phase; activities were 830 
classified as ruminating, eating, drinking, resting, and “others” (standing, grooming, and 831 
mounting). Each activity was assumed to last for 5 min. At the end of the recording 832 
phase, all observations were summed for each cow to obtain total minutes spent on each 833 
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activity.  834 
Rumen sampling. Rumen pH was determined from the 5 cannulated cows every 2 835 
h for 24 h during d 21 of each period beginning at feeding time. Feed for these cows was 836 
mixed in advance so that all cows could have access to feed at the same time post-milking. 837 
At each sampling time point, cows were restrained in their stalls and 8 to 10 subsamples of 838 
rumen digesta were collected from the cranial, caudal, left lateral, and right lateral areas of 839 
the rumen. After collection, the rumen digesta was mixed thoroughly, and rumen fluid was 840 
strained through four layers of cheesecloth into a plastic container. Rumen fluid pH was 841 
immediately measured with a hand-held portable pH meter (Oakton Instruments, Vernon 842 
Hills, IL) and two 50-mL samples were collected and frozen at -20°C. Determination of 843 
VFA concentration was performed via gas chromatography by an external laboratory 844 
(University of Florida Department of Animal Science, Gainesville, FL); samples were 845 
centrifuged at 10,000 × g for 15 min and then of 2.5 mL of supernatant was mixed with 0.5 846 
mL of 25% meta-phosphoric acid containing 2g/L crotonic acid and frozen overnight. 847 
Samples were defrosted and centrifuged for 15 min at 10,000 × g. Subsequently, ethyl 848 
acetate was added to the supernatant and standards; samples were then transferred into gas 849 
chromatography vials for injection. 850 
For determination of rumen nitrogen and ammonia (NH3N), the process of sample 851 
centrifugation, aliquoting of supernatant and addition of metaphosphoric acid was 852 
performed as described above. On the day of analysis, samples of supernatant were thawed 853 
and vortexed. A sample of 500 µL was transferred into microcentrifuge tubes for 854 
centrifugation at 12,000 × g for 20 min. Subsamples of 40 µL were transferred into glass 855 
tubes in duplicate. Following transfer, 2.5-mL of phenol reagent and 2-mL alkaline 856 
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hypochlorite were added followed by incubation for 10 min at 37°C for color development. 857 
A 32 mg/dL stock solution was used to prepare standards of 0, 1, 2, 4, 8, and 16 mg/dL, 858 
for the standard curve. After incubation, 300 µL of sample from each tube were pipetted 859 
onto a 96-well plate and immediately read at 550 nm. Results were multiplied by 1.25 to 860 
determine rumen ammonia concentration. 861 
  To determine rumen kinetics, the rumen-cannulated cows were used for total rumen 862 
evacuation. The procedure was performed at 1100 h on d 27 and 0700 h on d 28 of each 863 
period, to represent pre-and post-feeding states, respectively. Rumen contents were 864 
removed by hand, via the rumen cannula, and placed into a 121-liter plastic container to 865 
determine fresh weight. For each collection point, two sub-samples from each cow were 866 
collected from the mixed digesta and immediately dried in a forced-air oven at 60°C until 867 
constant weight to determine DM. Once dry, samples were ground (2 mm and 1 mm; Wiley 868 
Mill, Arthur D. Thomas Co., Philadelphia, PA) and stored at room temperature. 869 
Determination of analytical DM (method 930.15; AOAC International, 2000), NDF and 870 
ADF (Van Soest et al., 1991), and ash (method 942.05; AOAC International, 2000) were 871 
performed and averaged for each cow in each period. Rumen kinetics were determined for 872 
intake rate (Ki), passage rate (Kp), rate of digestion (Kd). Calculation for Ki was expressed 873 
as the ratio of dry matter intake and rumen pool size divided by 24 hours; Kp was calculated 874 
using the ratio of fecal output (detailed in the next section) and rumen pool size divided by 875 
24 hours; Kd subtracted fecal output from rate of intake, and MRT was calculated as the 876 
reciprocal of passage rate. 877 
 878 
 879 
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Fecal samples. For every cow, fecal score was determined once during each 880 
period by visually assessing consistency of manure during voluntary defecation, using the 881 
1 to 5 scale proposed by Ireland-Perry and Stallings (1993). The scale denotes score one 882 
as a watery, runny consistency, whereas five is a dry, firm consistency. Grab fecal 883 
samples (~ 150 g) were collected from all cows on d 27 at 0000, 0800, 1600 h and at 884 
0400, 1200, 2000 h on d 28 and individually stored and frozen at -20°C until further 885 
analysis. At the completion of the experiment, samples were thawed and composited by 886 
cow for each period and placed in a forced-air oven at 60°C for 48 h to determine DM 887 
and then ground (2 mm and 1 mm; Wiley Mill, Arthur D. Thomas Co., Philadelphia, PA). 888 
Samples were then analyzed for nutrient content including analytical DM (method 889 
930.15; AOAC International, 2000), N (Kjeldahl digestion; AQ2 method; Seal AQ300 890 
Discrete Analyzer, Seal Analytical, Inc., Mequon, WI), NDF and ADF (Van Soest et al., 891 
1991), ash (method 942.05; AOAC International, 2000).  892 
Apparent digestibility. Total tract digestibility was determined using indigestible 893 
neutral detergent fiber (iNDF; Huhtanen et al., 1994) as an internal marker to estimate 894 
fecal output. Samples of 1.25 g of TMR and feces were incubated in quadruplicate in 5 × 895 
10 cm dacron bags with 50 µm porosity (Ankom Technology, #R510) in 2 ruminally- 896 
cannulated lactating dairy cows for 288 h. Following recovery, bags were rinsed in a 897 
washing machine until the rinse water was clear; NDF was then determined as previously 898 
described. Fecal output (FO) was calculated as the ratio of iNDF input (g) from the TMR 899 
and the percentage of iNDF in the fecal samples. In-house analyses for digestibility 900 
included DM (method 930.15; AOAC International, 2000), N (Kjeldahl digestion; AQ2 901 
method; Seal AQ300 Discrete Analyzer, Seal Analytical, Inc., Mequon, WI), neutral 902 
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(NDF) and acid detergent fiber (ADF; Van Soest et al., 1991), and ash (method 942.05; 903 
AOAC International, 2000). 904 
Urine samples. Samples were collected at the same time as fecal samples, but 905 
only on the 5 rumen-cannulated cows during spontaneous urination or upon manual 906 
stimulation. Following collection, samples were promptly acidified using 4M HCL to pH 907 
< 4.0 and immediately frozen at -20°C until further analysis. Samples were pooled and 908 
analyzed for N (Kjeldahl digestion; AQ2 method; Seal AQ300 Discrete Analyzer, Seal 909 
Analytical, Inc., Mequon, WI). Urinary creatinine was determined at the Clinical 910 
Pathology Laboratory of Iowa State University Veterinary School and it was used as a 911 
validated marker for estimating urine output volume (Valadares et al., 1999; Leonardi et 912 
al., 2003). Previous reports have shown daily values ranging from 25 to 30 mg/kg of BW 913 
(McCarthy et al., 1983; Jones et al., 1990). Urine output calculations used creatinine 914 
excretion at an assumed excretion rate of 28 mg/kg of BW as previously described by 915 
Whittet (2004).  916 
UOL =
((("#	×		&'()*+++ )/../..)×	.111)(23456787849)/:;×	1.1<<=>	) 917 
Animal measurements. Body weights (BW) and body condition score (BCS) were 918 
measured on d 27 and 28 of each period and then averaged by cow. Determination of BCS 919 
was completed by two trained individuals using the scoring method proposed by Wildman 920 
et al. (1982) but reported in 0.25 increments. 921 
Statistical Analyses 922 
Performance and behavior data were analyzed using the MIXED procedure of 923 
SAS (version 9.3, SAS Institute Inc., Cary, NC) with square, period within square, 924 
inclusion rate, protein base and their interaction as fixed-effects; cow within square was 925 
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considered as a random effect. Data collected for analysis of rumen pH, VFA 926 
concentration, and rumen ammonia were analyzed as repeated measures using first-order 927 
autoregressive covariance structure [AR (1)]. All mean results are presented as least 928 
squares means ± the largest standard error of the mean (SEM) unless stated otherwise, 929 
and statistical significance was declared at P < 0.05. 930 
Results 931 
Feed Composition 932 
Tables 1 and 2 depict the ingredient and chemical composition of the 933 
experimental pellets and diets. Compared to CGF, the corn stover-based pellets had 8.2% 934 
lower crude protein (CP) and higher content of NDF and ADF. Since the experimental 935 
pellets are based on corn stover, the lignin content was approximately 3 times greater in 936 
these pellets compared to CGF. On the other hand, the starch content of CGF was 17.46 937 
percentage units greater than the average starch content of STV-SBM and STV-DDG. 938 
The STV-SBM pellets were longer than the STV-DDG’S pellets ranging from 38.1 to 939 
50.8 mm compared to 12.7 to 25.4 mm, respectively. Corn gluten pellets ranged from 940 
6.35 to 12.7 mm long. Corn gluten pellets and STV-DDG pellets had similar ether extract 941 
(EE) at 3.36%, whereas the STV-SBM pellets had EE at only 0.41%. Because of the 942 
chemical treatment with CaO, STV-SBM pellets and STV-DDG’S had, on average, 2 943 
times greater ash concentration than CGF pellets. Despite the differences in nutrient 944 
composition of experimental pellets, chemical composition of the diets was relatively 945 
similar. The targeted CP content was 16.0% and it ranged from 15.98 to 16.42% with an 946 
average of 16.05%. Similarly, targeted energy content was 1.60 Mcal/kg NEL, calculated 947 
NEL from actual TMR samples ranged from 1.57 to 1.63 and averaged 1.60. Fractions of 948 
NDF and ADF, where relatively similar in all diets; as expected, lignin in the TMR with 949 
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corn stover-based pellet was greater compared to the CON diet. Particle size distribution 950 
was relatively similar across treatments with STV-SBM diets having the greatest 951 
proportion of particles >19.0 mm.  952 
Lactation Performance  953 
Dry matter intake. Tables 3 and 4 show lactation performance of dairy cows fed 954 
corn stover-based pellets. No significant interactions were observed for any of the response 955 
variables evaluated herein. Feeding corn-stover based pellets decreased DMI (P < 0.01) 956 
relative to CON, which averaged the highest at 26.94 ± 0.49 kg/d, followed by SBM10, 957 
DDG10, SBM15, and DDG15 with 23.90, 22.23, 23.36, 21.62 ± 0.49 kg/d, respectively. 958 
Dry matter intake of cows consuming STV-SBM pellets was greater compared to that of 959 
cows consuming STV-DDG, 23.02 and 22.46 ± 0.44 0.kg/d respectively (P = 0.02); 960 
inclusion level also influenced DMI so that 15% inclusion resulted in 1.69 kg/d less DMI 961 
compared to 23.59 ± 0.44 kg/d for cows consuming diets with 10% pellets (P < 0.01).  962 
Milk yield. Increasing inclusion level of pelleted corn stover reduced (P < 0.01) 963 
milk yield regardless of protein base used in the formulation. Cows consuming the CON 964 
diet had the greatest milk yield at 32.14 ± 0.70 kg/d followed by SBM10 and DDG10, 965 
which averaged 29.59 ± 0.70 kg/d, whereas cows consuming SBM15 and DDG15 had the 966 
lowest milk yield averaging 28.29 ± 0.70 kg/d. Within protein bases, there was a trend for 967 
the STV-DDG to have a lower milk yield equivalent to 0.45 kg/d (P = 0.06) relative to 968 
STV-SBM (29.12 ± 0.65). We also observed differences in yield of fat corrected milk 969 
(FCM). Namely cows consuming the CON had the greatest yield at 34.31 ± 0.70 kg/d 970 
which is 2.72 kg/d greater (P < 0.01) than FCM yield from cows consuming SBM10. 971 
Compared to CON, the magnitude of the difference is even greater for SBM15 and DDG10 972 
which averaged 4.0 less kg FCM; and cows that consumed the DDG15 produced 5.49 less 973 
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kg FCM. In terms of efficiency of production, cows fed corn stover-based pellets had 974 
increased milk production efficiency with increasing inclusion level of corn stover-based 975 
pellets in the diet (10% = 1.26 and 15% = 1.31 ± 0.03; P = 0.01) compared to CON (1.21 976 
± 0.03). We observed no effect of base (P = 0.30) on FCM or dietary effects on feed 977 
efficiency of FCM (P > 0.13). 978 
Milk composition. Fat percentage was affected by protein base so that milk from 979 
cows consuming corn stover pelleted with SBM had greater fat concentration (STV-SBM 980 
= 3.88 and STV-DDG = 3.70 ± 0.08%; P < 0.01). Feeding the CON diet resulted in 3.86 ± 981 
0.09% milk fat. Inclusion level of pelleted corn stover did not influence milk fat percentage 982 
and averaged 3.79 ± 0.08% (P = 0.68). On the other hand, increasing inclusion level of 983 
pelleted corn stover to 15% of dietary DM decreased (P = 0.01) protein concentration from 984 
3.24 to 3.22 ± 0.03%, for diets with 10% and 15% pellets, respectively, without any effect 985 
of protein base. Mean concentration of MUN was 12.03 ± 0.20 mg/dL across all diets (P = 986 
0.28) with a range from 11.83 to 12.21 mg/dL. Within diets with experimental pellets, 987 
concentration of MUN tended to be higher for STV-SBM than for STV-DDG (12.09 and 988 
11.86 ± 0.17 mg/dL, respectively; P = 0.08), and was not affected by inclusion level (P = 989 
0.97).  990 
Milk yield from cows consuming any experimental pelleted formulation was lower 991 
compared to the control diet. Consequentially, cows fed corn stover-based pellets had 992 
lower yield of fat, lactose, and protein (P < 0.01). There was an average reduction of 0.20 993 
kg/d of lactose and 0.15 kg/d of fat and protein in experimental diets. Yield of components 994 
decreased with the 15% inclusion level (P < 0.01). Additionally, cows consuming STV- 995 
DDG pellets also produced less fat than cows consuming STV-SBM pellets (1.05 vs 1.11 996 
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± 0.02 kg/d; P < 0.01). There were no differences in lactose or protein yield when corn 997 
stover was pelleted with a SBM or DDG protein base (P ≥ 0.21). 998 
Body Weight and condition. Body weight and BCS were unaffected by dietary 999 
factors (P ≥ 0.18) and averaged 624.99 ± 19.29 kg and 2.91 ± 0.02, respectively. 1000 
Sorting index. Sorting index data are reported in tables 3 and 4. There was a base 1001 
× inclusion interaction for all screen sizes greater than 1.18-mm (P < 0.01). The CON 1002 
diet had a sorting index of 0.91 ± 0.03, or a 9% refusal rate, for particles > 19-mm, this 1003 
value was the lowest (P < 0.01), whereas the average of SBM10, SBM15 and DDG10 1004 
was exactly 1.0 ± 0.03, indicating that cows consumed particles ≥ 19-mm exactly as 1005 
expected. Proportional consumption of particles on the 19.0 to 8-mm screen was lowest 1006 
for cows fed the SBM10 and SBM15 diets, which consumed 3% and 9% less than 1007 
expected. This suggests that these cows were sorting against this particle size, while cows 1008 
fed STV-DDG consumed exactly as expected. Neither protein base or inclusion level had 1009 
effect on sorting index on the < 1.18-mm screen (P ≥ 0.16); however, relative to control 1010 
(0.99 ± 0.01), all experimental diets resulted in selective preference for particles ≤ 1.18 1011 
mm (P < 0.01). Regardless of inclusion rate, cows consuming diets containing STV-SBM 1012 
pellets displayed a preference for a particle size greater than 19-mm or less than 8.0 mm.  1013 
Chewing activity. Behavior data are shown in tables 5 and 6. Time spent 1014 
drinking, resting, and engaging in other activities were not different (P ≥ 0.72) for cows 1015 
on any treatment or regardless of protein base or inclusion level (P ≥ 0.35). Time budget 1016 
was 40.5 ± 6.38, 373.4 ± 30.33, and 360.8 ± 19.16 min/d for drinking, resting, and other 1017 
activities, respectively. Cows consuming the CON diet spent less time eating (220.50 ± 1018 
15.42 min/d) compared to cows consuming any of the corn stover-based pellet diets 1019 
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which spent on average 251.25 ± 15.42 min/d eating (P = 0.01). Time spent ruminating 1020 
was shorter for cows fed corn stover-based pellets (averaged 408.88 min/d) relative to 1021 
CON (465.50 ± 20.16 min/d; P < 0.01) but was not affected by protein base (STV-SBM 1022 
= 399.00 and STV-DDG = 420.50 ± 16.63 min/d; P = 0.19) nor inclusion level (10% = 1023 
416.50 and 15% = 403.00 ± 16.63 min/d; P = 0.40). Cows fed corn stover-based pellets 1024 
spent between 1.23 and 3.85 more min eating per kg of DMI consumed compared with 1025 
CON (P < 0.01). Time spent eating per kg of DMI was similar (P = 0.42) within protein 1026 
bases averaging 10.73 ± 0.70 min/kg DMI; but when inclusion level increased from 10 to 1027 
15%, cows spent 2 more minutes eating per kg DMI (P < 0.01). Time spent eating for 1028 
every kg of NDF consumed was between 5.6 and 13.12 min longer for cows fed corn 1029 
stover-based pellets compared to CON (28.19 ± 2.92; P < 0.01). Additionally, as 1030 
inclusion level increased from 10% to 15%, time spent eating for every kg of NDF 1031 
consumed increased from 35.95 to 40.72 ± 2.75 min/kg NDF (P = 0.03). 1032 
Rumen Measurements 1033 
pH, VFA, and ammonia. Rumen pH, VFA, and ammonia concentrations are 1034 
shown in tables 7 and 8. Mean, minimum, and maximum rumen pH were unaffected by 1035 
treatment (P ≥ 0.23). However, there was a tendency (P = 0.08) for an interaction of base 1036 
and inclusion on mean pH so that SBM10 and DDG15 had an average decrease in pH of 1037 
0.05 units and SBM15 had an increase of 0.08 pH units from CON, while DDG10 and 1038 
CON both had mean pH of 5.87 ± 0.08. Additionally, STV-SBM displayed greater pH 1039 
nadir compared to the STV-DDG pellets (5.42 vs. 5.30 ± 0.04; P = 0.03); there was no 1040 
evidence of an effect on maximum pH. Total concentration of VFA was similar (P = 0.11) 1041 
across treatments averaging 158.12 ± 4.57 mM; however, when comparing inclusion 1042 
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levels, any formulation of pelleted corn stover included at 15% of dietary DM decreased 1043 
total VFA concentration by 6.51 mM (P = 0.03). Molar proportion of acetate and 1044 
propionate was similar for all treatments (P ≥ 0.25) averaging 63.85 ± 1.0% and 21.81 ± 1045 
1.12%. Feeding pelleted corn stover resulted in higher butyrate concentration than CON 1046 
cows (P < 0.01), with a protein base of STV-SBM resulting in greater butyrate 1047 
concentration than STV-DDG (P = 0.01). Rumen ammonia was not altered by treatment, 1048 
base, or inclusion (P ≥ 0.40) and averaged 12.56 ± 1.41 mg/dL across all treatments. 1049 
Rumen kinetics and digesta composition. Estimations of rumen kinetics did not 1050 
differ from CON (P ≥ 0.18) for individual treatments and there were no protein base 1051 
effects (P ≥ 0.12). However, there was a tendency for intake rate of the 10% dietary 1052 
inclusion level to be higher than the 15% inclusion level (8.17 vs. 6.64 ± 0.50%/h; P = 1053 
0.06). Rate of passage averaged 2.78 ± 0.23 %/h across all dietary treatments. As a result, 1054 
rumen retention time was similar across all treatments, averaging 37.97 h (P ≥ 0.20). A 1055 
tendency was observed for rate of digestion to be faster at 5.43 ± 0.47% with the 10% 1056 
inclusion level of corn stover-based pellets versus 4.14 ± 0.47% with the 15% inclusion 1057 
level (P = 0.08). Similarly, rumen DM weight, and content of DM, NDF, ADF, and OM 1058 
were not impacted by base or inclusion (P ≥ 0.16). However, there was a tendency for 1059 
cows consuming corn stover-based pellets to have to have rumen content with less DM a 1060 
lower relative to CON (15.08 vs. 16.72 0.56; P = 0.09). 1061 
Nutrient digestibility. Apparent digestibility of DM, NDF, ADF, CP, OM, and 1062 
fecal output differed from CON when cows consumed corn stover-based pellets (P ≤ 1063 
0.02). There was an effect of base and inclusion level on apparent digestibility of DM; 1064 
namely, including pellets formulated with STV-DDG increased digestibility of DM from 1065 
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62.26 to 64.25 ± 0.53% relative to pellets formulated with STV-SBM (P = 0.01). 1066 
Digestibility of DM was increased (P ≤ 0.01) by 3.45 percentage points when pellets 1067 
were included at 10% of dietary DM compared with 15%. There was a tendency for a 1068 
base × inclusion interaction (P = 0.10) on digestibility of OM, the extent of OM 1069 
digestibility was similar for CON and DDG10 (68.17 ± 0.69%); we observed a decrease 1070 
of 2.30%, 5.49%, and 4.51% for SBM10, SBM15, and DDG15 relative to the CON diet. 1071 
A base × inclusion interaction was observed for fiber digestibility of NDF and ADF (P < 1072 
0.01). In relation to the CON diet (34.90 ± 1.23%), SBM10, SBM15, and DDG15 1073 
averaged 4.39% lower NDF digestibility, whereas DDG10 resulted in a 7.55% gain in 1074 
NDF digestibility. The same pattern was observed for ADF digestibility, with the CON 1075 
diet averaging 33.70 ± 1.20% ADF digestibility, whereas a 12.28% decrease was 1076 
observed for SBM10, SBM15, and DDG15. There was a tendency for difference in 1077 
digestibility of crude protein (P = 0.08), values ranged from 55.92 to 61.68 ± 0.91% 1078 
when cows were fed corn stover-based pellets, which performed lower than cows fed the 1079 
CON diet (62.65 ± 0.91%). Fecal output averaged 8.40 ± 0.28 kg/d when cows were fed 1080 
corn stover-based pellets diets which is 0.96 kg/d lower than CON (P < 0.01). Inclusion 1081 
level did not alter fecal output (P = 0.55), however, feeding STV-SBM pellets resulted in 1082 
0.60 kg/d more fecal output than cows fed STV-DDG (P = 0.01).  1083 
Fecal score. Fecal score was not altered by treatment (P = 0.69), base (P = 0.24), 1084 
nor inclusion level (P = 0.84) and averaged 2.66 ± 0.10 over the course of the experiment. 1085 
Nitrogen utilization 1086 
Tables 11 and 12 present the information on nitrogen (N) utilization; there were 1087 
no base × inclusion interactions for any of the variables evaluated (P ≥ 0.10). Mass of N 1088 
intake was greater (P < 0.01) for cows on the CON and SBM10 with 679.36 ± 32.76 g/d 1089 
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follow by DDG10 and DDG15. The lowest N intake was observed on cows consuming 1090 
SBM15 which averaged 551.34 ± 32.76 g/d. Whereas protein base did not affect N intake 1091 
(P = 0.86), including experimental pellets at 15% of dietary DM resulted in 12% lower N 1092 
intake (P = 0.01). Excretion of fecal and urinary N was similar (P ≥ 0.34) across all 1093 
treatments and averaged 243.6 ± 17.62 g/d and 134.4 ± 24.04 g/d; these amounts 1094 
represented 39.7 and 21.6% of N intake. Proportion of manure N relative to intake was 1095 
16.8% greater (P = 0.05) for cows consuming STV-SBM. Milk N averaged 23.2 ± 0.89% 1096 
across all treatments (P =0.79). Retention of N was positive for all treatments and ranged 1097 
from 7 to 171.87 g/d or 1.16 to 24.53% relative to intake. 1098 
Discussion 1099 
Feed is the most expensive input for milk production, and current market 1100 
conditions are leading dairy producers and nutritionists to look for more economical feed 1101 
alternatives. With an abundance of 196 million tons of corn stover produced annually in 1102 
the U.S. (Graham et al., 2007), it may be possible to use some of this readily available, 1103 
low-cost resource for feeding dairy cattle. Although corn stover by itself is not a highly 1104 
nutritious feedstuff, a combination of alkali-treated corn stover and protein-rich 1105 
byproducts could improve its nutritional value. Therefore, this experiment evaluated the 1106 
productive response of dairy cows fed corn stover pelleted with soybean meal or distillers 1107 
grains under the hypothesis that dairy cows would be able to maintain milk production. 1108 
Contrary to our hypothesis, we observed that dairy cows consuming any of the diets 1109 
containing the experimental pellets had reduced dry matter intake, and that this reduction 1110 
was more pronounced when inclusion rate was 15% of dietary dry matter. Similar 1111 
reductions in DMI have been reported when feeding treated corn stover with Ca(OH)2 to 1112 
replace alfalfa haylage (Casperon et al., 2018) or with NaOH to replace wheat hay (Jami 1113 
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et al., 2014). Corn stover and other crop residues are high in NDF and the response in 1114 
DMI in some experiments may be partially explained by the inverse relationship between 1115 
dietary NDF and intake capacity (Allen, 2000; Cook et al. 2016; Eastridge et al., 2017). 1116 
However, in the present experiment, the reduction in DMI is not attributable to gut fill 1117 
because all diets had similar NDF and ADF content. Furthermore, the composition of 1118 
rumen digesta was also similar across all diets reflecting that formulated diets provided 1119 
similar nutritional characteristics. Cook et al. (2016) reported similar composition of 1120 
rumen digesta when treated corn stover replaced grain at various levels. In their study, 1121 
NDF content of digesta was approximately 53% (DM basis) whereas in our experiment 1122 
this value was approximately 60% (DM basis). The difference between these values may 1123 
be due to the total mass of rumen content. In our study, rumen dry mass ranged from 11.5 1124 
to 12.98 kg whereas Cook et. Al. (2016) reported values ranging from 13.7 – 14.5 kg, 1125 
thus total mass of NDF accounted for a smaller proportion of the total mass. The 1126 
difference in total rumen mass between these studies may be related to the type of 1127 
animals, whereas we used lighter animals, mostly primiparous (604 kg), Cook and 1128 
colleagues (2016) reported using cows with average BW of 686 kg that likely had greater 1129 
rumen capacity. Our results from rumen kinetics indicate that rate of passage and mean 1130 
retention time were not affected by inclusion of experimental pellets. Therefore, we 1131 
postulate that alterations of eating behavior may be the reason for reduced DMI. 1132 
Contrary to what Ramirez Ramirez et al., (2016) have reported regarding eating 1133 
time by cows consuming pelleted forage, our data indicate that feeding the experimental 1134 
pellets resulted in more time being spent under the behavior categorized as “eating”. 1135 
Despite this extended eating time, cows showed reduced DMI, so it is possible that the 1136 
49 
  
additional time that cows seemingly spent eating was likely time spent sorting, and not 1137 
actively consuming feed. It is not clear why cows spent more time sorting, but this 1138 
response may reflect differences in physical properties of the different pellet formulations 1139 
and diet presentation. For example, when Cook et al. (2016) utilized treated corn stover 1140 
up to 12% of diet DM, total eating time was not affected by treatment. However, the corn 1141 
stover used in our experiment was pelletized and Tetlow and Wilkins (1978) indicated 1142 
that intake of high-density pellets compared to medium-density pellets was lower in dairy 1143 
calves. It is possible that this response is persistent in adult cows. Even though the 1144 
particle size distribution of diets was relatively similar, the pellets containing SBM were 1145 
noticeably longer, retained in the 19.0 mm screen, and seemingly harder, than pellets 1146 
with DDGS. This would suggest that hardness and length of the pellets influence 1147 
acceptability of the feed.  1148 
The depression in DMI coupled with the generalized reduction in digestibility, 1149 
despite lower fecal output, led to a decrease in milk yield when cows consumed pelleted 1150 
corn stover; the reduction was even greater when pellets were fed at 15% of the dietary 1151 
DM. As a result, cows on the CON diet had greater yield of all milk components. 1152 
Regardless of differences in milk yield, production efficiency milk was greater with the 1153 
inclusion of corn stover-based pellets. Because there was no change in body weight or 1154 
body condition score, body fat mobilization does not seem a possible mechanism to 1155 
compensate for reduced energy intake while supporting milk production. Other 1156 
experiments have reported that feeding alkali-treated corn stover tends to increase feed 1157 
efficiency (Jami, et al., 2014; Cook et al., 2016; Casperson et al., 2018). The proposed 1158 
mechanism for this may be related to increased digestibility of NDF or other nutrients, as 1159 
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a result of the alkali treatment itself or through modifications of rumen pH that shift the 1160 
rumen microbiome towards greater efficiency (Jami et al, 2014). Since digestibility of 1161 
nutrients was reduced when cows consumed the experimental pellets, there does not 1162 
appear to be a clear explanation as to how cows became more efficient in our experiment. 1163 
Taken together, these results suggest that pelleted corn stover may be included in dairy 1164 
diets at levels < 10% of dietary DM to avoid sorting and reduction in feed intake. 1165 
Alternatively, resolving diet separation and sorting issues may be a way to maintain dry 1166 
matter intake and milk production at greater levels of inclusion of alkali-treated, pelleted 1167 
corn stover.  1168 
Time allocated towards ruminating was shorter for cows consuming the 1169 
experimental pellets, especially for those consuming STV-SBM. Since long, fibrous 1170 
particles stimulate rumination, the decrease in time allocated to this activity is the result 1171 
of the decreased size of the pellet constituents. Reduction in rumination time by as much 1172 
as 100 minutes has also been reported when feeding pelletized grass hay up to 20% of 1173 
dietary DM (Ramirez Ramirez et al, 2016). Despite shorter rumination time and reduced 1174 
dry matter intake, cows fed corn stover-based pellets had similar mean rumen pH, 1175 
ammonia concentration, and total concentration of VFA compared with the control diet. 1176 
Additionally, the diurnal pattern of ruminal pH and NH3N concentration were also 1177 
similar across treatments. Maintenance of normal rumen fermentation despite reduced 1178 
rumination time could be explained by total mastication activity. Total time devoted to 1179 
mastication (ruminating + eating) only varied by 4.7% across all diets and ranged from 1180 
654 to 686 min/d. Therefore, it is plausible that saliva secretion during eating and sorting 1181 
aided in rumen pH regulation even when daily rumination time was reduced by almost 1 1182 
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hour. The only change detected in VFA profile was an increase in the molar proportions 1183 
of butyrate and a numerically greater acetate to propionate ratio when cows consumed 1184 
soybean meal pelleted with corn stover. Overall, these observations demonstrate that 1185 
diets with corn stover-based pellets provided similar carbohydrate profile and supported 1186 
normal rumen function.  1187 
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CHAPTER 3.    GENERAL CONCLUSION 1188 
Replacing corn gluten feed with pelleted corn stover decreased dry matter intake 1189 
and milk yield in lactating dairy cows chiefly through altered eating behavior. 1190 
Disproportional reduction in dry matter intake and milk yield resulted in greater milk 1191 
production efficiency when pelleted corn stover was included in the diet. Therefore, it is 1192 
plausible that greater feed efficiency, coupled with the lower cost of corn stover-based 1193 
pellets, could offset some differences in performance. Nitrogen excretion via urine was 1194 
reduced when cows consumed pelleted corn stover with DDGS; milk nitrogen was 1195 
similar for both pellet formulations. Despite shifts in eating behavior, we did not observe 1196 
detrimental effects on rumen function and kinetics. Therefore, nutritionally-enhanced 1197 
corn stover pellets with SBM fed below 10% of dietary DM may support DMI and milk 1198 
yield with increased feed efficiency when replacing corn gluten feed pellets.  However, 1199 
further research is warranted to determine how pellet characteristics affect palatability or 1200 
feed acceptability. 1201 
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 1270 
Table 1. Ingredient and chemical composition of experimental pellets  
 Pellet 
 STV-SBM STV-DDG CGF 
Ingredient, % wt    
Corn stover 43.50 37.50 -- 
Corn distillers solubles 40.00 25.00 -- 
Calcium oxide   3.50 3.50 -- 
Soybean meal 13.00 -- -- 
Distillers grains -- 34.00 -- 
    
Nutrient Analysis, % DM    
Dry Matter, % 88.40 88.18 86.50 
CP 19.38 19.62 21.25 
NEL, Mcal/kg 0.55 0.59 0.78 
NDF 39.74 41.30 29.80 
ADF 30.76 27.58 9.70 
Lignin 6.11 5.02 1.69 
Starch 2.00 1.58 19.25 
Ether Extract 0.41 3.02 3.69 
NFC 26.45 23.85 38.64 
Ash 17.81 15.95 7.98 
Ca 2.61 2.56 0.05 
P 0.93 0.94 1.13 
Mg 0.44 0.42 0.47 
K 2.40 1.99 1.72 
S 0.58 0.66 0.54 
Na 1.27 0.81 0.43 
Cl 0.18 0.18 0.27 
Fe (mg/kg) 1890.40 1305.00 159.00 
Mn (mg/kg) 69.40 52.40 18.50 
Zn (mg/kg) 66.40 67.20 65.50 
Cu (mg/kg) 12.20 10.60 5.00 
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 1271 
Table 2. Ingredient and chemical composition of experimental diets  
 Treatment1 
Ingredient, % of DM CON SBM10 SBM15 DDG10 DDG15 
Corn silage 27.3 27.3 27.3 27.3 27.3 
Alfalfa hay 22.2 22.2 22.2 22.2 22.2 
Ground corn 21.3 21.3 21.3 21.3 21.3 
Protein and mineral mix 4.8 4.8 4.8 4.8 4.8 
Molasses 2.3 2.3 2.3 2.3 2.3 
Corn Gluten feed 13.0 4.3 0.0 4.3 0.0 
STV-SBM Pellet --  9.9 14.8 -- -- 
STV-DDG Pellet --  -- -- 10.1 15.2 
Expeller soybean meal 3.7 3.7 3.7 3.0 2.7 
Soybean meal 2.6 2.7 2.8 3.3 3.7 
Cottonseed 2.8 0.9 0.0 0.9 0.0 
Rumen inert fat --  0.6 0.8 0.3 0.5 
Nutrient analysis, % DM2      
Dry Matter 57.14 (2.84) 57.36 (2.88) 58.12 (3.55) 56.72 (2.51) 56.54 (2.34) 
CP 16.42 (0.44) 15.92 (0.23) 16.12 (0.43) 15.78 (0.56) 15.98 (0.58) 
NEL (Mcal/kg) 1.63 (0.04) 1.60 (0.03) 1.57 (0.03) 1.59 (0.06) 1.60 (0.03) 
NDF 30.72 (2.79) 31.84 (3.11) 31.90 (1.73) 32.32 (4.03) 31.06 (2.39) 
ADF 20.54 (2.54) 21.94 (2.39) 21.94 (1.38) 21.82 (3.53) 21.54 (2.07) 
Lignin 4.00 (0.35) 4.18 (0.09) 4.40 (0.41) 4.24 (0.69) 4.15 (0.25) 
Starch 24.38 (3.21) 22.64 (3.49) 22.22 (1.89) 22.88 (4.20) 23.52 (2.66) 
Ether Extract 3.98 (0.19) 3.91 (0.13) 3.85 (0.44) 3.65 (0.27) 3.72 (0.24) 
NFC 42.44 (3.38) 41.30 (3.76) 40.70 (1.76) 41.74 (3.65) 42.26 (2.28) 
Ash 7.92 (0.52) 8.74 (0.64) 9.32 (0.55) 8.09 (0.40) 8.58 (0.37) 
Ca 0.97 (0.11) 1.18 (0.06) 1.32 (0.13) 1.11 (0.11) 1.24 (0.13) 
P 0.42 (0.02) 0.40 (0.03) 0.43 (0.03) 0.39 (0.02) 0.39 (0.01) 
Mg 0.38 (0.01) 0.38 (0.02) 0.40 (0.02) 0.37 (0.01) 0.37 (0.01) 
K 1.50 (0.04) 1.56 (0.05) 1.63 (0.06) 1.54 (0.06) 1.55 (0.06) 
S 0.31 (0.03) 0.31 (0.02) 0.34 (0.02) 0.30 (0.03) 0.30 (0.04) 
Na 0.67 (0.07) 0.77 (0.05) 0.82 (0.08) 0.75 (0.06) 0.75 (0.06) 
Cl 0.61 (0.04) 0.69 (0.14) 0.60 (0.06) 0.68 (0.13) 0.63 (0.05) 
Fe (mg/kg) 273.40 (23.11) 417.20 (103.77) 838.20 (546.15) 347.40 (60.67) 390.20 (58.10) 
Mn (mg/kg) 94.40 (10.11) 101.20 (3.03) 103.20 (11.19) 97.80 (6.83) 98.80 (8.35) 
Zn (mg/kg) 120.20 (20.55) 120.60 (15.90) 120.80 (15.72) 117.60 (3.36) 121.20 (14.72) 
Cu (mg/kg) 29.00 (2.00) 27.20 (1.30) 27.00 (2.55) 27.80 (1.79) 28.20 (2.28) 
Particle size distribution, %3      
>19.0 mm 2.86 (3.43) 5.23 (5.39) 4.33 (2.19) 2.91 (2.75) 3.49 (3.79) 
19.0 - 8.0 mm 39.06 (3.99) 40.89 (4.28) 39.14 (5.74) 39.54 (2.36) 39.77 (5.50) 
8.0 - 1.18 mm 40.93 (3.60) 38.72 (6.20) 40.44 (3.18) 40.41 (3.94) 39.78 (5.75) 
< 1.18 mm 17.15 (5.09) 15.16 (5.06) 16.09 (7.84) 17.14 (4.17) 16.97 (8.54) 
1 CON = control; SBM10 = Corn stover and soybean meal pellets at a 10% inclusion; SBM15 = Corn stover and soybean meal 
pellets at a 15% inclusion; DDG10 = Corn stover and dried distillers grain pellets at 10% inclusion; DDG15 = Corn stover and 
dried distillers grain pellets at 15% inclusion. 
2Average ± standard deviation. 
3Determined using a Penn State Particle Separator and presented as average ± standard deviation. 
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Table 3. Effects of feeding corn stover-based pellets on lactation performance of dairy cows 
 Treatment1 
SEM2 P – Value3 
Variable CON SBM10 SBM15 DDG10 DDG15 
DMI, kg/d 26.94a 23.90b 22.23c 23.36b 21.62d 0.49 < 0.01 
Milk yield, kg/d 32.14a 29.86b 28.47c 29.32b 28.11c 0.70 < 0.01 
Fat corrected milk3 34.31a 31.59b 29.98c 30.65c 28.82d 0.69 < 0.01 
FCM efficiency 4 1.28 1.34 1.35 1.31 1.34 0.03 0.13 
Feed efficiency5 1.21c 1.26b 1.29ab 1.27b 1.32a 0.03 < 0.01 
Fat, % 3.86a 3.88ab 3.89ab 3.71c 3.71c 0.09 < 0.01 
Fat yield, kg/d 1.24a 1.15b 1.09c 1.09c 1.03d 0.03 < 0.01 
Protein, % 3.33a 3.25bc 3.23bdc 3.25cd 3.21e 0.04 < 0.01 
Protein yield, kg/d 1.08a 0.96b 0.91c 0.96b 0.89c 0.02 < 0.01 
Lactose, % 4.87a 4.84b 4.81cd 4.83bc 4.80d 0.02 < 0.01 
Lactose yield, kg/d 1.60a 1.45b 1.37c 1.44b 1.35c 0.04 < 0.01 
MUN, mg/dL 12.21 12.14 12.03 11.83 11.95 0.20 0.28 
BW, kg 614.13 610.73 617.56 621.97 660.58 23.64 0.54 
BCS6 2.94 2.91 2.87 2.91 2.90 0.03 0.19 
Fecal Score 2.67 2.55 2.66 2.75 2.68 0.10 0.69 
        
Sorting Index, %8        
> 19.0 mm 0.91c 1.02b 0.99b 0.99b 1.10a 0.03 < 0.01 
19.0 – 8.0 mm 1.01a 0.97c 0.91d 1.00ab 0.99b 0.01 < 0.01 
8.0 – 1.18 mm 0.99c 1.01b 1.04a 0.99c 0.98c 0.01 < 0.01 
< 1.18 mm 0.99c 1.03b 1.06a 1.03b 1.03b 0.01 0.01 
1 CON = control; SBM10 = Corn stover and soybean meal pellets at a 10% inclusion; SBM15 = Corn stover and soybean meal pellets at a 15% 
inclusion; DDG10 = Corn stover and dried distillers grain pellets at 10% inclusion; DDG15 = Corn stover and dried distillers grain pellets at 
15% inclusion. 
2 Highest standard error of treatment mean is shown. 
3 Main effect of treatment. 
4 FCM = [milk fat (kg) × 16.218] + [milk yield (kg) × 0.4323] 
5 FCM efficiency = FCM/ dry matter intake 
6 Feed efficiency = Milk yield / dry matter intake 
7 1-5 scale (Wildman et al., 1982). 
8 Determined using Penn State Particle Size Separator 
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Table 4. Effects of protein base and inclusion level of corn stover-based pellets on lactation performance of dairy cows 
 Protein base  Inclusion level 
SEM1 
P -value2 
Variable SBM DDGS  10 15 Base Inclusion I 
DMI, kg/d 23.02 22.46  23.59 21.90 0.44 0.02 < 0.01 0.87 
Milk yield, kg/d 29.12 28.67  29.56 28.23 0.65 0.06 < 0.01 0.83 
Fat corrected milk3 30.69 29.59  31.08 29.21 0.61 < 0.01 < 0.01 0.62 
FCM efficiency 4 1.35 1.32  1.33 1.34 0.02 0.19 0.43 0.89 
Feed efficiency5 1.28 1.29  1.26 1.31 0.03 0.30 0.01 0.63 
Fat, % 3.88 3.70  3.80 3.78 0.08 < 0.01 0.68 0.59 
Fat yield, kg/d 1.11 1.05  1.12 1.05 0.02 < 0.01 < 0.01 0.64 
Protein, % 3.24 3.22  3.24 3.22 0.03 0.22 0.01 0.34 
Protein yield, kg/d 0.93 0.92  0.96 0.90 0.02 0.24 < 0.01 0.52 
Lactose, % 4.82 4.82  4.84 4.81 0.02 0.62 < 0.01 0.99 
Lactose yield, kg/d 1.41 1.39  1.45 1.36 0.04 0.21 < 0.01 0.69 
MUN, mg/dL 12.09 11.86  11.97 11.98 0.17 0.08 0.97 0.30 
BW, kg 614.12 640.81  616.50 638.43 12.29 0.30 0.40 0.52 
BCS6 2.88 2.90  2.91 2.88 0.02 0.52 0.18 0.62 
Fecal Score 2.61 2.72  2.66 2.67 0.08 0.24 0.84 0.26 
          
Sorting Index, %7          
> 19.0 mm 1.01 1.04  1.00 1.04 0.02 0.09 0.05 < 0.01 
19.0 – 8.0 mm 0.94 1.00  0.99 0.95 0.01 < 0.01 < 0.01 < 0.01 
8.0 – 1.18 mm 1.02 0.98  1.00 1.01 0.004 < 0.01 0.03 < 0.01 
< 1.18 mm 1.05 1.03  1.03 1.05 0.01 0.23 0.16 0.29 
1 Highest standard error of treatment mean is shown. 
2 Main effect of protein base, inclusion level and their interaction. 
3 FCM = [milk fat (kg) × 16.218] + [milk yield (kg) × 0.4323] 
4 FCM efficiency = FCM/ dry matter intake  
5 Feed efficiency = Milk yield / dry matter intake  
6 1-5 scale (Wildman et al., 1982). 
7 Determined using Penn State Particle Size Separator 
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Table 5. Effects of feeding corn stover-based pellets on eating behavior of dairy cows 
 Treatment1 
SEM2 P – Value3 
Variable, min/day CON SBM10 SBM15 DDG10 DDG15 
Eating 220.50c 243.00bc 271.00a 233.00c 258.00ab 15.42 0.01 
Ruminating 465.50a 401.50bc 393.00c 431.50b 409.50bc 20.16 < 0.01 
Drinking 42.50 41.00 38.00 42.00 39.00 6.38 0.95 
Resting 360.50 397.50 376.00 360.00 373.00 30.33 0.72 
Other 351.00 357.00 362.00 373.50 360.50 19.16 0.91 
        
Min eating/kg DMI 7.97a 10.19b 11.81c 9.20ab 11.82c 0.80 < 0.01 
NDF intake, kg/d 8.33a 6.69bc 6.96bc 7.31b 6.40c 0.43 < 0.01 
Min eating/kg NDF 28.19c 38.11ab 40.50a 33.79b 41.31a 2.92 < 0.01 
1 CON = control; SBM10 = Corn stover and soybean meal pellets at a 10% inclusion; SBM15 = Corn stover and soybean meal pellets at a 15% 
inclusion; DDG10 = Corn stover and dried distillers grain pellets at 10% inclusion; DDG15 = Corn stover and dried distillers grain pellets at 
15% inclusion. 
2 Highest standard error of treatment mean is shown. 
3 Main effect of treatment. 
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Table 6. Effects of protein base and inclusion level of corn stover-based pellets on eating behavior of dairy cows 
 Protein base  Inclusion level 
SEM1 
P -value2 
Variable SBM DDGS  10 15 Base Inclusion I 
Eating 256.00 245.50  238.00 264.00 14.49 0.29 0.02 0.93 
Ruminating 399.00 420.50  416.50 403.00 16.63 0.19 0.40 0.59 
Drinking 40.00 40.50  41.50 38.00 5.45 0.84 0.55 0.99 
Resting 386.00 366.50  378.75 374.00 26.68 0.35 0.83 0.41 
Other 359.00 367.00  365.25 361.00 15.93 0.63 0.79 0.61 
          
Min eating/kg DMI 10.96 10.51  9.69 11.78 0.70 0.42 < 0.01 0.34 
NDF intake, kg/d 6.86 6.85  7.00 6.72 0.31 0.99 0.25  0.02 
Min eating/kg NDF 39.11 37.55  35.95 40.72 2.75 0.46 0.03 0.20 
1 Highest standard error of treatment mean is shown. 
2 Main effect of protein base, inclusion level and their interaction. 
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Table 7. Effects of feeding corn stover-based pellets on rumen pH, volatile fatty acids, and ammonia concentration 
in dairy cows 
 Treatment1 
SEM2 P – Value3 
Variable  CON SBM10 SBM15 DDG10 DDG15 
Rumen pH,        
Minimum 5.35 5.42 5.41 5.31 5.28 0.05 0.23 
Mean 5.87 5.81 5.95 5.87 5.84 0.08 0.41 
Maximum 6.70 6.56 6.73 6.66 6.63 0.15 0.66 
        
NH3N, mg/dL  13.54 12.53 12.74 11.35 12.65 1.41 0.67 
        
Total VFA, mM 162.34 158.22 153.09 162.41 154.54 4.57 0.11 
        
VFA, mol/100 mol        
Acetate 63.41 63.70 64.55 63.99 63.61 1.00 0.58 
Butryate 10.21b 11.03ab 11.39a 10.62b 10.55b 0.30 < 0.01 
Propionate 22.76 21.71 20.41 21.93 22.26 1.12 0.25 
Valerate 1.46ab 1.36b 1.33b 1.31b 1.55a 0.08 0.03 
Caproate 0.33ac 0.35ab 0.39a 0.29bc 0.35a 0.04 0.02 
Isovalerate 1.19 1.24 1.26 1.23 1.10 0.08 0.34 
Isobutryate 0.63 0.61 0.66 0.62 0.57 0.04 0.57 
Acetate:Proptionate 2.84 2.99 3.22 2.94 2.96 0.20 0.29 
        
VFA, mM        
Acetate 102.77 100.71 98.74 103.73 98.21 3.38 0.26 
Butryate 16.65 17.56 17.55 17.31 16.38 0.80 0.38 
Propionate 37.08a 34.33bc 31.23d 35.81ab 34.59ac 1.72 < 0.01 
Valerate 2.39a 2.16ab 2.05b 2.14ab 2.40a 0.13 0.05 
Caproate 0.55 0.56 0.62 0.48 0.55 0.06 0.17 
Isovalerate 1.91a 1.95a 1.91a 1.97a 1.65b 0.14 0.03 
Isobutryate 1.00a 0.95a 1.00a 0.97a 0.85b 0.07 0.02 
1 CON = control; SBM10 = Corn stover and soybean meal pellets at a 10% inclusion; SBM15 = Corn stover and 
soybean meal pellets at a 15% inclusion; DDG10 = Corn stover and dried distillers grain pellets at 10% inclusion; 
DDG15 = Corn stover and dried distillers grain pellets at 15% inclusion. 
2 Highest standard error of treatment mean is shown. 
3 Main effect of treatment. 
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Table 8. Effects of protein base and inclusion level of corn stover-based pellets on rumen pH, volatile fatty acids, and ammonia 
concentration in dairy cows 
 Protein base  Inclusion level SEM1 P -value
2 
Variable SBM DDGS  10 15 Base Inclusion I 
Rumen pH,          
Minimum 5.42 5.30  5.37 5.35 0.04 0.03 0.69 0.83 
Mean 5.88 5.86  5.85 5.89 0.07 0.64 0.25 0.08 
Maximum 6.65 6.64  6.61 6.68 0.13 0.99 0.45 0.48 
          
NH3N, mg/dL  12.65 11.97  11.91 12.71 1.78 0.47 0.40 0.67 
          
Total VFA, mM 156.00 158.17  160.34 153.83 3.85 0.47 0.03 0.64 
          
VFA, mol/100 mol          
Acetate 64.12 63.80  63.81 64.12 0.92 0.42 0.44 0.10 
Butryate 11.18 10.61  10.85 10.95 0.24 0.01 0.65 0.40 
Propionate 21.18 21.98  21.90 21.26 1.00 0.21 0.31 0.17 
Valerate 1.35 1.43  1.34 1.44 0.06 0.06 0.02 <0.01 
Caproate 0.37 0.32  0.32 0.37 0.04 <0.01 <0.01 0.55 
Isovalerate 1.24 1.17  1.23 1.19 0.07 0.09 0.33 0.06 
Isobutryate 0.63 0.60  0.61 0.62 0.04 0.40 0.64 0.15 
Acetate:Proptionate 3.10 2.96  2.94 3.11 0.19 0.19 0.11 0.20 
          
VFA, mM          
Acetate 99.97 100.73  102.23 98.47 3.09 0.71 0.06 0.36 
Butryate 17.59 16.80  17.46 16.94 0.70 0.12 0.30 0.38 
Propionate 32.99 34.99  35.08 32.90 1.43 0.04 0.03 0.36 
Valerate 2.12 2.26  2.15 2.22 0.09 0.06 0.38 0.02 
Caproate 0.59 0.51  0.52 0.58 0.08 <0.01 0.02 0.76 
Isovalerate 1.94 1.81  1.95 1.79 0.14 0.03 < 0.01 0.02 
Isobutryate 0.98 0.91  0.96 0.93 0.72 0.03 0.34 0.01 
1 Highest standard error of treatment mean is shown. 
2 Main effect of protein base, inclusion level and their interaction. 
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Table 9. Effects of feeding corn stover-based pellets on nutrient digestibility and rumen kinetics in dairy cows 
  Treatment1  
SEM2 P – Value3 
Variable  CON SBM10 SBM15 DDG10 DDG15 
Fecal Output, kg/d 9.36a 8.70b 8.69b 7.99c 8.25bc 0.28 < 0.01 
Digestibility, %        
Dry Matter 65.60a 63.52b 61.06c 66.32a 61.97bc 0.75 < 0.01 
Organic Matter 67.59a 66.05b 63.98c 68.75a 64.61bc 0.69 < 0.01 
NDF 34.90ab 32.42b 34.98ab 37.64a 32.81b 1.23 0.02 
ADF 33.70ab 28.32d 31.79bc 35.67a 29.29cd 1.20 < 0.01 
Crude Protein 62.65a 58.40b 55.92c 61.68a 56.53bc 0.91 < 0.01 
Digesta composition        
Dry weight, kg 12.98 11.73 12.06 12.34 11.51 0.80 0.61 
Dry Matter, % 16.72 14.96 15.32 15.01 15.04 0.56 0.09 
NDF, % 58.87 61.31 60.02 59.27 59.80 1.62 0.79 
ADF, % 35.04 37.43 35.60 34.48 36.26 1.25 0.35 
Ash, % 16.90 14.17 18.09 17.23 17.44 2.85 0.53 
Kinetics        
Intake Rate, %/h 4 7.56 7.77 5.81 8.56 7.47 0.74 0.18 
Passage Rate, %/h5 2.61 2.86 2.73 2.60 3.09 0.23 0.55 
Rate of Digestion, %/h6 4.95 4.91 3.59 5.95 4.38 0.59 0.26 
Rumen Retention Time, 
h7 
38.81 38.37 37.68 41.62 33.25 3.33 0.53 
1 CON = control; SBM10 = Corn stover and soybean meal pellets at a 10% inclusion; SBM15 = Corn stover and soybean meal pellets at a 
15% inclusion; DDG10 = Corn stover and dried distillers grain pellets at 10% inclusion; DDG15 = Corn stover and dried distillers grain 
pellets at 15% inclusion. 
2 Highest standard error of treatment mean is shown. 
3 Main effect of treatment. 
4 Intake rate = 100 × (1/24) × (dry matter intake / pool size) 
5 Passage rate = 100 × (1/24) × (fecal output / pool size) 
6 Rate of digestion = rate of intake – fecal output 
7 Rumen retention time = 100 × (1 / passage rate) 
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Table 10. Effects of protein base and inclusion level of corn stover-based pellets on nutrient digestibility and rumen 
kinetics in dairy cows 
 Protein base  Inclusion level 
SEM1 
P -value2 
Variable SBM DDGS  10 15 Base Inclusion I 
Fecal Output, kg/d 8.67 8.07  8.31 8.44 0.22 0.01 0.55 0.42 
Digestibility, %          
Dry Matter 62.26 64.25  64.98 61.53 0.53 0.01 < 0.01 0.16 
Organic Matter 64.99 66.77  67.44 64.32 0.49 0.01 < 0.01 0.10 
NDF 33.59 35.30  35.03 33.89 0.86 0.13 0.30 < 0.01 
ADF 29.94 32.56  32.12 30.38 0.97 0.04 0.17 < 0.01 
Crude Protein 57.20 59.23  60.14 56.29 0.67 0.02 < 0.01 0.08 
Digesta Composition          
Dry matter, % 15.14 15.02  14.98 15.18 0.47 0.83 0.73 0.77 
Dry weight, kg 11.90 11.92  12.03 11.78 0.57 0.98 0.76 0.48 
NDF, % 60.67 59.53  60.29 59.91 0.98 0.44 0.79 0.53 
ADF, % 36.52 35.37  35.96 35.93 1.02 0.36 0.98 0.16 
Ash, % 16.13 17.33  15.70 17.76 2.71 0.53 0.30 0.34 
Kinetics          
Intake Rate, %/h 4 6.79 8.01  8.17 6.64 0.50 0.12 0.06 0.55 
Passage Rate, %/h5 2.80 2.85  2.73 2.91 0.16 0.83 0.47 0.22 
Rate of Digestion, %/h6 4.41 5.17  5.43 4.14 0.47 0.26 0.08 0.66 
Mean Retention Time, h7 38.02 37.43  40.00 35.57 0.28 0.86 0.20 0.27 
1 Highest standard error of treatment mean is shown. 
2 Main effect of protein base, inclusion level and their interaction. 
3 Main effect of treatment. 
3 Intake rate (Ki) = 100 × (1/24) × (dry matter intake / pool size) 
4 Passage rate (Kp)= 100 × (1/24) × (fecal output / pool size) 
5 Rate of digestion (Kd)= rate of intake – fecal output 
6 Rumen retention time (MRT) = 100 × (1 / passage rate) 
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Table 11.Effects of feeding corn stover-based pellets on N metabolism of dairy cows 
 Treatment1 SEM2 P – Value3 
Variable  CON SBM10 SBM15 DDG10 DDG15 
Mass, g/d        
N Intake 687.16a 671.55ab 551.34d 622.30bc 586.01cd 32.76 < 0.01 
Fecal N 234.39 256.47 264.24 237.93 225.10 17.62 0.42 
Digested N 452.77a 417.64ab 287.10d 384.37ac 360.91bcd 38.62 0.01 
Urinary N 119.27 169.44 148.52 127.85 106.87 24.04 0.34 
Milk N 161.63a 150.81b 131.55c 144.03b 133.29c 7.93 < 0.01 
N Retained 171.87a 101.06ab 7.03b 112.49a 120.74a 30.38 0.03 
Productive N 333.50a 254.37a 138.58b 256.52a 254.03a 38.78 0.02 
% N intake        
Fecal N 34.53 38.47 48.33 38.02 39.34 3.62 0.07 
Urinary N 17.50 25.56 26.49 20.27 17.93 2.83 0.15 
Manure N 52.03b 63.82ab 74.83a 58.29b 57.27b 4.92 0.03 
Milk N 23.44 22.87 24.01 23.07 22.74 0.89 0.79 
N Retained 24.53a 13.31ab 1.16b 18.64a 20.00a 5.12 0.03 
Productive N 47.97a 36.18ab 25.17b 41.71a 42.73a 4.92 0.03 
1 CON = control; SBM10 = Corn stover and soybean meal pellets at a 10% inclusion; SBM15 = Corn stover and soybean meal 
pellets at a 15% inclusion; DDG10 = Corn stover and dried distillers grain pellets at 10% inclusion; DDG15 = Corn stover and 
dried distillers grain pellets at 15% inclusion. 
2 Highest standard error of treatment mean is shown. 
3 Main effect of treatment. 
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Table 12. Effects of protein base and inclusion level of corn stover-based pellets on nitrogen balance in dairy 
cows. 
 Protein base  Inclusion level SEM1 P -value2 
Variable SBM DDGS  10 15  Base Inclusion I 
Mass, g/d          
N Intake 608.19 604.15  643.67 568.68 30.45 0.86 0.01 0.11 
Fecal N 258.95 231.52  245.79 244.67 12.41 0.15 0.95 0.51 
Digested N 354.28 372.64  402.91 324.00 30.61 0.59 0.05 0.14 
Urinary N 161.30 117.36  150.96 127.70 15.86 0.07 0.29 0.91 
Milk N 141.15 138.66  147.39 132.42 7.21 0.29 < 0.01 0.10 
N Retained 53.44 116.62  106.17   63.89 24.88 0.10 0.25 0.18 
Productive N 196.62 255.28  255.59 196.31 26.91 0.15 0.15 0.17 
% N intake          
Fecal N 43.04 38.68  37.88 43.84 2.68 0.27 0.15 0.25 
Urinary N 26.45 19.10  23.32 22.21 2.05 0.03 0.70 0.67 
Manure N 69.47 57.78  61.20 66.05 3.64 0.05 0.36 0.28 
Milk N 23.43 22.90  22.96 23.37 0.60 0.54 0.63 0.39 
N Retained 7.10 19.32  15.84 10.58 3.85 0.05 0.35 0.25 
Productive N 30.53 42.22  38.80 33.95 3.64 0.05 0.36 0.28 
1 Highest standard error of treatment mean is shown. 
2 Main effect of protein base, inclusion level and their interaction. 
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 Figure 1. Ruminal pH of cows fed corn stover-based pellets measured over a 24-h period  1311 
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Figure 2. Ruminal ammonia (NH3N) concentration of cows fed corn stover-based pellets 1336 
measured over a 24-h period 1337 
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
18.00
20.00
22.00
24.00
900 1100 1300 1500 1700 1900 2100 2300 100 300 500 700
m
g/
dL
Hour
CON SBM10 SBM15 DDG10 DDG15
                   x̅ = 13.54          x̅ = 12.53          x̅ = 12.74          x̅ = 11.35           x̅  = 12.65
P – Values 
Trt = 0.67 
Base = 0.47 
Inclusion = 0.40 
Interaction = 0.67 
 
SEM = 1.41 
